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     In order to clarify the behavior of degraded pipes under seismic events, cyclic four-point bending tests on straight pipe and shaking table
tests using piping system models were conducted. The degradation used in this study were wall thinning or cracks, which were considered
to be caused in piping systems due to the effects of aging. Cyclic bending tests were conducted on straight pipe elements to investigate the
relation between the failure mode and degradation condition. Shaking table tests were also conducted to investigate the influence of
degradation on piping system behavior and clarify the failure mode of degraded piping systems. Through these tests, the failure modes of
aged piping were obtained under varying loading and degradation conditions.
     In addition to these experiments, elastic-plastic FEM analysis using ABAQUS were conducted on pipe elements with wall thinning or
a crack. It has been found that the failure modes observed in the tests were well simulated by this analysis. With this analysis, the strain
concentrated point could be predicted and the cause of its generation could be explained by the simulated deformation behavior of the pipe.
In order to predict the piping system’s maximum response under elastic-plastic response, a simple response prediction method was
proposed in this report. This method takes account of the dissipation energy caused by plastic deformation. It has been found that this
prediction method provided a conservative value compared with the test results, but not too conservative a value as an elastic response
analysis.
Key Words : Aging effect, Piping, Cracks, Wall thinning, Shaking table test, Failure mode, FEM analysis,
                      Simple elastic-plastic response prediction method
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Fig.1-1  Numbers of Nuclear Power Plants in commercial operation (Japan).
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ᬌ⸛ߔࠆߎߣࠍ⋡⊛ߣߒߡ㧘ᐔᚑ 8ᐕᐲ߆ࠄᐔᚑ 12ᐕᐲ
ߦ߆ߌߡ㧘ේሶജ቟ో⎇ⓥޟᯏེ࡮㈩▤♽ߩ⚻ᐕᄌൻߦ઻
߁⠴㔡቟ో⵨ᐲ⹏ଔᚻᴺߩ⎇ⓥޠࠍታᣉߒߚ㧚
ᧄ⎇ⓥߢߪ㧘⚻ᐕᄌൻࠍᗐቯߒߚޔᒝᐲ⊛ߦ෩ߒ޿ᒻ
⁁ߩ߈ⵚ߹ߚߪᷫ⡺ࠍ㈩▤ࡕ࠺࡞ߦዉ౉ߒታ㛎ࠍⴕ߁ߎ
ߣߦࠃࠅ㧘ഠൻᒻ⁁ߦࠃࠆ⎕៊ᒻᘒߩ㆑޿㧘ഠൻㇱߩ᦭ή
ߦࠃࠆ㈩▤♽ߩ࿾㔡ᔕ╵ߩᄌൻ╬ࠍ᣿ࠄ߆ߦߔࠆߎߣࠍ
⋡⊛ߣߒߚ㧚ߎߩߚ߼㧘ታ㛎ߢߪ⚻ᐕഠൻࠍᮨᡆߒߚ⋥▤
ࠍ↪޿ߡ➅ࠅ㄰ߒ4ὐᦛߍ⹜㛎ࠍⴕ߁ⷐ⚛⹜㛎ߣ㧘ഠൻㇱ
ಽࠍ᦭ߔࠆ㈩▤♽ߦኻߒߡᝄേบࠍ↪޿ߡടᝄࠍⴕ߁㈩
▤♽ᝄേ⹜㛎ࠍታᣉߒߚ㧚߹ߚ㧘ߎࠇࠄߩታ㛎࠺࡯࠲ߦၮ
ߠ߈㧘⹦⚦⸃ᨆߦࠃࠆ⎕៊ࡔࠞ࠾࠭ࡓߩ⠨ኤ߿ᒢ႟ᕈᔕ
╵ᄌ૏ߩ◲ᤃ੍᷹ᴺߩᬌ⸛ࠍⴕߞߚ㧚ᧄႎ๔ᦠߪ5ࡩᐕߦ
ࠊߚࠅታᣉߒߚታ㛎ౝኈߣ⸃ᨆ⹏ଔߦߟ޿ߡߣࠅ߹ߣ߼
ߚ߽ߩߢ޽ࠆ㧚╙2┨ߢߪ㧘ᧄ⎇ⓥߢታᣉߒߚታ㛎ߩ᭎ⷐ
ࠍ㧘╙3┨ߢߪታ㛎⚿ᨐߩ᭎⇛ࠍㅀߴࠆ㧚╙4┨߅ࠃ߮╙
5┨ߢߪ㧘ߎࠇࠄߩታ㛎⚿ᨐࠍ〯߹߃ਃᯏ㑐߇ߎࠇ߹ߢታ
ᣉߒߚ⸃ᨆ⹏ଔߦߟ޿ߡㅀߴࠆ㧚ߎࠇࠄߩ⸃ᨆ⹏ଔߪฦ
ᯏ㑐߇ߘࠇߙࠇߩⷞὐ߆ࠄታᣉߒߚ߽ߩߦߟ޿ߡ㧘ᧄႎ
๔ᦠࠍߣࠅ߹ߣ߼ߚᤨὐߦ߅ߌࠆᬌ⸛⁁ᴫࠍㅀߴߚ߽ߩ
ߢ޽ࠅ㧘⃻⁁ߢߪᔅߕߒ߽⋧੕ߦㅪ៤ߩߣࠇߚ⛔৻ᕈߩ
޽ࠆౝኈߣߪߥߞߡ޿ߥ޿㧚⸃ᨆߦ߅ߌࠆⷞὐߩ⛔৻ߣ
⹏ଔᴺ߳ߩឭ᩺ߦߟ޿ߡߪᐔᚑ13ᐕᐲࠃࠅታᣉߔࠆᰴᦼ
ේሶജ቟ో⎇ⓥ㧘ޟ࿾㔡⩄㊀ࠍฃߌࠆᷫ⡺㈩▤ߩ⎕უㆊ⒟
⸃᣿ߦ㑐ߔࠆ⎇ⓥޠߩਛߢ⛮⛯ߒߡ޿ߊߎߣߣߒߡ޿ࠆ㧚
ߥ߅㧘ᧄ⎇ⓥߪේሶജ቟ో⎇ⓥᐕᰴ⸘↹㧔ᐔᚑ8ᐕᐲ㨪
ᐔᚑ12ᐕᐲ㧘ේሶജ቟ోᆔຬળ╷ቯ㧕16)ߦၮߠ޿ߡ߅ࠅ㧘
⑼ቇᛛⴚᐡ࿖┙ᯏ㑐ේሶജ⹜㛎⎇ⓥ⾌ࠍゲߦ㧘ฦᯏ㑐⁛
⥄ߩ⎇ⓥ⾌߽೑↪ߒߡታᣉߐࠇߚ߽ߩߢ޽ࠆ㧚߹ߚ㧘ᧄ⎇
ⓥߩታᣉߦ޽ߚࠅ㧘ታ㛎ታᣉᆔຬળ㧔એਅAPᆔຬળ㧘ᆔ
ຬ㐳㧦⊕㠽ᱜ᮸ᮮᵿ࿖┙ᄢቇᢎ᝼㧕ࠍ⚵❱ߒ㧘ታ㛎ߩታᣉ㧘
⸃ᨆ⹏ଔߦߟ޿ߡ⼏⺰ࠍⴕߞߚ㧚ᧄ⎇ⓥߢߪ࿾㔡ߦࠃࠆ
㈩▤ߩᒢ႟ᕈᔕ╵߆ࠄ㈩▤ߩ⎕៊ߦ⥋ࠆ߹ߢߩ㗔ၞࠍኻ
⽎ߣߒߚߚ߼㧘⎕უജቇߣᝄേᔕ╵ߩਔಽ㊁ߩኾ㐷ኅ߆
ࠄߥࠆᆔຬળߣߒߚ㧚߹ߚ㧘ታോ⊛ߥⷰὐ߆ࠄߩᗧ⷗ࠍ޿
ߚߛߊߚ߼㧘㔚ജળ␠෸߮ࡊ࡜ࡦ࠻ࡔ࡯ࠞ࡯߽߳ᆔຬߩ
ᵷ㆜ࠍଐ㗬ߒߚ㧚ᷝઃ 1ߦAPᆔຬળᆔຬฬ★ࠍ␜ߔ㧚
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ታ㛎ᣇᴺ
ⷐ⚛⹜㛎
⹜㛎૕ߩ᭎ⷐ
ޓⷐ⚛⹜㛎ߢߪ㧘ഠൻᒻ⁁߿タ⩄ጁᱧߦࠃࠆ⎕៊ᒻᘒߩ
㆑޿ࠍ⏕⹺ߔࠆߎߣࠍ⋡⊛ߣߒߡഠൻㇱࠍ᦭ߔࠆ⋥▤ࠍ
↪޿ߚᄌ૏೙ᓮߩ4ὐᦛߍ⹜㛎ࠍⴕߞߚ㧚ᐔᚑ8ᐕᐲߦߪ
タ⩄ⵝ⟎ߩ⵾૞ࠍⴕ޿㧘ᐔᚑ 9ᐕᐲ㨪ᐔᚑ 12ᐕᐲߦ߆ߌ
ߡタ⩄⹜㛎ࠍታᣉߒߚ㧚
ޓⷐ⚛⹜㛎ߢዉ౉ߒߚഠൻ᧦ઙߪ㧘ᔕജ⣣㘩ഀࠇ㧔SCC㧕㧘
᡼㔚ടᎿ㧔EDM㧕߈ⵚ㧘߹ߚߪᷫ⡺ߩ޿ߕࠇ߆ߣߒߚ㧚߹
ߚ㧘ᷫ⡺⹜㛎૕ߣหߓ᧚⾰ߢஜో⡺ෘߩ⹜㛎૕ߦߟ޿ߡ
߽タ⩄ࠍⴕ޿㧘⩄㊀ᄌᒻ․ᕈߩᲧセࠍⴕߞߚ㧚㈩▤ߩ᧚⾰
ߪ㧘SCC⹜㛎૕߅ࠃ߮ EDM߈ⵚઃ߈⹜㛎૕㧔એਅ EDM
⹜㛎૕㧕ߢߪࠬ࠹ࡦ࡟ࠬ㍑SUS304ࠍ㧘ᷫ⡺⹜㛎૕߅ࠃ߮
ஜో⹜㛎૕ߢߪ὇⚛㍑STS410ࠍ૶↪ߒߚ㧚ߥ߅㧘ᧄ⎇ⓥ
ߢߪ⚻ᐕᄌൻߦ઻߁᧚⾰ᄌൻߩᓇ㗀ߪ⠨ᘦߒߡ޿ߥ޿㧚
ଏ⹜ㇱߩ㈩▤ߪ100A㧘sch80㧔ᄖᓘ㧦114.3mm㧘⡺ෘ㧦8.6mm㧕
ߣߒߚ㧚߹ߚ㧘4ὐᦛߍ⹜㛎ⵝ⟎ߩᡰὐㇱಽߦ߅ߌࠆዪㇱ
ᄌᒻࠍ㒐ᱛߔࠆߚ߼㧘⵬ᒝ▤ߣߒߡ⹜㛎૕ㇱಽߩ㈩▤ߩ
ਔ┵ߦ100A㧘sch160㧔ᄖᓘ㧦114.3mm㧘⡺ෘ㧦13.5mm㧕ߩ
㈩▤ࠍṁធߒߚ㧚⹜㛎૕ㇱಽߩ㈩▤㐳ߐߪ400mm߹ߚߪ
200mmߣߒ㧘ṁធߔࠆ⵬ᒝ▤ߩ㐳ߐࠍ⺞▵ߒߡో૕ߩ㐳
ߐࠍ3010mmߣߒߚ㧚
ޓ⹜㛎૕ߪ㧘SCC⹜㛎૕ 8૕㧘EDM⹜㛎૕ 9૕㧘ᷫ⡺⹜
㛎૕9૕㧘ஜో⹜㛎૕2૕ߩ⸘28૕ࠍ⵾૞ߒߚ㧚ฦഠൻߩ
ዉ౉ᣇᴺߣഠൻᒻ⁁ߪએਅߩㅢࠅߢ޽ࠆ㧚
(1)   SCC
⹜㛎㈩▤ߦṁធࠍᣉߒߡᒁᒛᱷ⇐ᔕജࠍዉ౉ߒ㧘㜞᷷
㜞࿶ਅߩࠝ࡯࠻ࠢ࡟࡯ࡉౝߦ200ᤨ㑆㨪800ᤨ㑆⒟ᐲ
ᩰ⚊ߒ㧘SCCࠍ↢ᚑߐߖߚ㧚↢ᚑߒߚSCCߩ߈ⵚ૏⟎
ߣᷓߐߪታ㛎೨ߦᶐㅘត்㧔PT㧕ᬌᩏߢ⺞ᩏߒ㧘ᦨ
߽ᄢ߈޿ߣᕁࠊࠇࠆ߈ⵚ૏⟎߇ᦨᄢᦛߍᣇะߦ৻⥌ߔ
ࠆࠃ߁⹜㛎૕ߩ⸳⟎૏⟎ࠍ⺞ᢛߒߚ㧚
ޓSCC⹜㛎૕ߪ⹜㛎⚳ੌᓟ㧘⎕㕙ᬌᩏࠍⴕߞߡೋᦼ
SCCᒻ⁁ࠍ᷹ቯߒߚ㧚࿑ߦ⹜㛎૕ߩᒻ⁁ࠍ㧘࿑
ߦSCCㇱಽߢ߈ⵚ߇⽾ㅢߒߚ⹜㛎૕ߩೋᦼSCC
ᒻ⁁ࠍ␜ߔ㧚
(2)  EDM߈ⵚ
᡼㔚ടᎿߦࠃࠅ㈩▤ౝ㕙ߦ߈ⵚࠍዉ౉ߒߚ㧚߈ⵚᒻ⁁
ߪ㧘ౝⷺ 360q߈ⵚᷓߐ 4.3mm㧔⡺ෘߩ 50%㧕ߩో๟
߈ⵚࠍᜬߟ⹜㛎૕ࠍ4૕㧘ౝⷺ90qᷓߐ4.3mmߩ⍱ᒻ
߈ⵚࠍᣉߒߚ߽ߩࠍ2૕㧘SCC߈ⵚࠍᮨᡆߒߚඨᬦ౞
߈ⵚࠍᣉߒߚ߽ߩࠍ3૕⵾૞ߒߚ㧚ߎߎߢ㧘SCC߈ⵚ
ࠍᮨᡆߒߚEDM߈ⵚઃ߈⹜㛎૕ߪ㧘SCCߩࠃ߁ߥ⥄
ὼ߈ⵚߣEDM߈ⵚߩࠃ߁ߥੱᎿᰳ㒱ߣߩ⎕៊ኼ๮ߩ
8.6 114.3 4.3
90q
Loading direction
6.5q 37q
13q
(a) EM01 - EM04. (b) EM05, EM09.
࿑ޓSCC⹜㛎૕ߩᒻ⁁
Fig.2.1-1   Geometry of the specimens with SCC.
࿑SCC⹜㛎૕ߩೋᦼ SCC߈ⵚᒻ⁁
Fig.2.1-2  Initial shape of SCC in SCC specimens.
࿑EDM⹜㛎૕ߩᒻ⁁
Fig.2.1-3  Geometry of the specimens with an EDM notch.
࿑EDM⹜㛎૕ߩೋᦼ߈ⵚᒻ⁁
Fig.2.1-4  Initial crack shapes of EDM notched pipe specimens.
(a) Initial SCC in SC01. (b) Initial SCC in SC03.
(c) Initial SCC in SC07. (d) Initial SCC in SC08.
Semieliptical
EDM notch
  Depth : 4.25 mm
  Width : 21.8 mm
(c) EM06. (d) EM07. (e) EM08.
Semieliptical
EDM notch
  Depth : 4.2 mm
  Width : 12.6 mm
Semieliptical
EDM notch
  Depth : 2.9 mm
  Width : 14.1 mm
SCC induced area 
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(b) SC05, SC06.
(a) SC01 - SC04, SC07, SC08.
400
400
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68.
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EDM notch 
400
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7ᯏེ࡮㈩▤♽ߩ⚻ᐕᄌൻߦ઻߁⠴㔡቟ో⵨ᐲ⹏ଔᚻᴺߩ⎇ⓥޓႎ๔ᦠ㧙ਛ᧛߶߆
㆑޿ࠍ⏕⹺ߔࠆߚ߼ߦታᣉߒߚ㧚⹜㛎૕ߦዉ౉ߒߚ߈
ⵚߪSCC⹜㛎૕ߩ⎕ᢿ㕙ߦ޽ࠆೋᦼSCCᒻ⁁ࠍ㧘╬
ଔߥᷓߐߣᢿ㕙Ⓧࠍᜬߟඨᬦ౞ᒻ⁁ߩEDM߈ⵚߢᮨ
ᡆߒߚ㧚࿑ߦ⹜㛎૕ߩᒻ⁁ࠍ㧘࿑ߦዉ౉
ߒߚ߈ⵚᒻ⁁ࠍ␜ߔ㧚
(3) ᷫ⡺
ᯏ᪾ടᎿߦࠃࠅ㈩▤ߩ⡺ෘࠍૐᷫߒߚ㧚ᷫ⡺ߪో๟ᷫ
⡺ߣߒ㧘ᷫ⡺㊂ߪ⡺ෘߩ50%㧔⡺ෘ4.3mm㧕ߩ߽ߩࠍ
6૕㧘75%ߩ߽ߩ㧔⡺ෘ 2.15mm㧕㧘60%ߩ߽ߩ㧔⡺ෘ
3.44mm㧕㧘25%ߩ߽ߩ㧔⡺ෘ6.45mm㧕ࠍฦ1૕⵾૞ߒ
ߚ㧚࿑ߦ⹜㛎૕ߩᒻ⁁ࠍ␜ߔ㧚
ޓ߹ߚ㧘ߎߩઁߦஜో⹜㛎૕ࠍ2૕૞ᚑߒߚ㧚ஜో⹜㛎૕
ߩᒻ⁁ࠍ࿑ߦ␜ߔ㧚
タ⩄᧦ઙ
ޓ㒐ἴ⑼ቇᛛⴚ⎇ⓥᚲᚲ᦭ߩ৻ᰴరᄢဳᝄേบࠍ↪޿㧘
ᝄേบߣၮ␆ߣߩ⋧ኻᄌ૏ࠍ೑↪ߒߚᄌ૏೙ᓮߩ➅ࠅ㄰
ߒ4ὐᦛߍ⹜㛎ࠍⴕߞߚ㧚⴫ߦᄢဳᝄേบߩၮᧄᕈ
⢻ࠍ㧘࿑ߦ 4ὐᦛߍ⹜㛎ⵝ⟎ࠍ␜ߔ㧚4ὐᦛߍ⹜㛎
ⵝ⟎ߩᡰᜬὐࠬࡄࡦߪ 2,400mm㧘⽶⩄ὐࠬࡄࡦߪ 800mm
ߢ޽ࠆ㧚タ⩄ጁᱧߪቯᏱᝄ᏷ߦࠃࠆタ⩄ߣ࡜ࡦ࠳ࡓᝄ᏷
ߦࠃࠆタ⩄ߩ⎕უߦ෸߷ߔᓇ㗀ࠍᛠីߔࠆߚ߼ߦ㧘ᝄ᏷
400
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13
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Ǿ
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(a) 50% thinned wall specimen (EC01 - EC06).
(b) 75% thinned wall specimen (EC07).
(c) 25% thinned wall specimen (EC08).
(d) 60% thinned wall specimen (EC09).
࿑ ᷫ⡺⹜㛎૕ߩᒻ⁁
Fig.2.1-5  Geometry of the specimens with wall thinning.
࿑ޓஜో⹜㛎૕ߩᒻ⁁㧔EA01߅ࠃ߮ EA02㧕
Fig.2.1-6   Geometry of the specimens without wall thinning
                  (EA01 & EA02).
࿑  4ὐᦛߍ⹜㛎ⵝ⟎
Fig.2.1-7  Four-point bending test equipment.
࿑ ౉ജᄌ૏ᵄᒻ
Fig.2.1-8  Time histories of input displacement.
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(a) Sinusoidal wave.
(b) Random amplitude wave.
Table 15.0 m   14.5 m
Weight: 160 ton
Driving system Electro – hydraulicservo control system
Actuators 360 ton  (90 ton   4)
Max. model weight 500 ton
Max. amplitude r220 mm
Max. velocity 75 cm/sec
Max. acceleration 0.55G (with 500-ton model)/ 2.2G (without model)
Frequency range DC – 50 Hz
Input wave types
Sinusoidal wave
Random wave
Earthquake wave
⴫ ᝄേบ⻉ర
Table 2.1-1 Specification of the shaking table.
800
800
800
Anchor
Specimen
Loading Direction
Shaking Table
Load Cell
Displacement meter
Load Cell
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߇৻ቯߢ޽ࠆᱜᒏᵄߣථ⿧ᝄേᢙ߇ 1Hzߢ޽ࠆ࡜ࡦ࠳ࡓ
ᝄ᏷ᵄࠍ૶↪ߒߚ㧚ᱜᒏᵄߪቯᏱㇱಽߩᵄᢙ߇26ᵄߢ㧘⹜
㛎૕ߦㆊᄢߥടㅦᐲ߇૞↪ߔࠆߩࠍ㒐ᱛߔࠆߚ߼㧘೨ᓟ
10⑽㑆ߦᝄ᏷ߩẋჇ࡮ẋᷫㇱࠍㅊടߒߡ޿ࠆ㧚࡜ࡦ࠳ࡓ
ᝄ᏷ᵄߪේሶജᑪደߩᐥᔕ╵ࠍ㈩▤♽ߦ౉ജߒߡᓧࠄࠇ
ߚᔕ╵ᄌ૏ᵄᒻࠍථ⿧ᝄേᢙ߇ 1Hzߣߥࠆࠃ߁ᤨ㑆ゲࠍ
⺞ᢛߔࠆߎߣߦࠃࠅ૞ᚑߒߚ㧚࡜ࡦ࠳ࡓᝄ᏷ᵄߦ฽߹ࠇ
ࠆᵄᢙߪ 46ࠨࠗࠢ࡞ߢ޽ࠆ㧚࿑ߦߎࠇࠄߩタ⩄ᵄ
ᒻࠍ␜ߔ㧚
ޓ⹜㛎૕ߦߪᏱ᷷᳓ߢౝ࿶ࠍ⽶⩄ߒߚ㧚ౝ࿶ߪ㧘SCC⹜㛎
૕ߣ EDM⹜㛎૕ߢ 8MPa㧘ᷫ⡺⹜㛎૕ߣஜో⹜㛎૕ߢ
11MPaߣߒߚ㧚ߚߛߒ㧘ᷫ⡺⹜㛎૕ߩ߁ߜ 1૕ߦߟ޿ߡ
ߪ㧘ౝ࿶߇⎕៊ᒻᘒߦਈ߃ࠆᓇ㗀ࠍᛠីߔࠆߚ߼ߦ㧘ౝ࿶
߅ࠃ߮ౝㇱ᳓ߥߒߢ⹜㛎ࠍⴕߞߚ㧚ᐔᚑ 12ᐕᐲߦታᣉߒ
ߚ⹜㛎૕㧔SC07㧘SC08㧘EM08㧘EM09㧘EC08㧘EC09㧕ߦ
ߟ޿ߡߪౝㇱ᳓ߩṳᵨࠍ⏕⹺ߒߚᤨὐߢタ⩄ࠍ⚳ੌߐߖ
ߚ߇㧘ߘߩઁߩ⹜㛎૕ߢߪ߈ⵚ⽾ㅢᓟ㧘࿑ߦ␜ߒߚ
౉ജᄌ૏ᵄᒻ߇⚳ੌߔࠆ߹ߢタ⩄ࠍ⛮⛯ߒߚ㧚
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(2)෻ജ
(3)ౝ࿶
(4)⹜㛎૕ᄖ⴫㕙ߩゲᣇะ߅ࠃ߮๟ᣇะ߭ߕߺ
(5)⹜㛎૕ౝ㕙ߩゲᣇะ߅ࠃ߮๟ᣇะ߭ߕߺ㧔ஜో
⹜㛎૕ߣᷫ⡺⹜㛎૕ߩ৻ㇱ㧕
(6)߈ⵚ㐿ญᄌ૏㧔EDM⹜㛎૕ߩߺ㧕
ޓ࿑  ߦฦ⹜㛎૕ߩ⸘᷹ὐࠍ␜ߔ㧚ߎࠇࠄߪోߡ
500Hzߩࠨࡦࡊ࡝ࡦࠣ๟ᵄᢙߢ෼㍳ߒߚ㧚߹ߚ㧘ᷫ⡺⹜㛎
૕߅ࠃ߮ஜో⹜㛎૕ߢߪ㧘ߎߩઁߦ⹜㛎ߩ೨ᓟߦ߅޿ߡ
㈩▤ᄖᓘࠍ᷹ቯߒߚ㧚
Condition of defect
Name Material Sy[MPa]
Su
[MPa]
Sm
[MPa] Type of
defect
Full angle in
circumference [deg.]
Depth of
defect*
Internal pressure
(P) [MPa]
SC01
SC02
SC03
SC04
SC05
SC06
SC07
SC08
SUS304 311 617 206 SCC Natural crack NaturalCrack 8
EM01
EM02
EM03
EM04
360 0.5 t
EM05 90 0.5 t
EM06 25.73*1 0.49 t*1
EM07 14.87*2 0.49 t*2
EM08 16.64*3 0.34 t*3
EM09
SUS304 311 617 206 EDM
90 0.5 t
8
EC01
EC02
EC03
EC04
EC05
11
EC06
0.5 t
0
EC07 0.75 t
EC08 0.25 t
EC09
STS410 312 470 157 Wallthinning 360
0.6 t
11
EA01
EA02 STS410 312 470 157
No
defect 0 0 11
* ‘t’ denotes the normal pipe thickness
*1 Same size as SCC in SC01   *2 Same size as SCC in SC03   *3 Same size as SCC in SC07
⴫ ⷐ⚛⹜㛎ޓ⹜㛎૕৻ⷩ
Table 2.1-2  Specifications for pipe element tests.
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A : Accelerometer
L : Load Cell
P : Pressure Gauge
D : Displacement
S : Strain Gauge
   (Hoop & Axial at each position)
50
P01
P02
S11
S12
S13
S14
S15
S16
S17
S18
0㫦(Top)
90㫦270㫦
180㫦(Bottom)
90㫦270㫦S24
S23
S22
S21
A01
Ground
L01
D01
South
A
A
B
B
A - A B - B
50
0㫦(Top)
180㫦(Bottom)
0 (Top)
180 (Bottom)
50 50
A : Accelerometer
L : Load Cell
P : Pressure Gauge
D : Displacement
S : Strain Gauge
   (Hoop & Axial at each position)
C : Crip Gauge
   (2ch for EM01 - EM04 and EM06,
    1ch for EM05, EM07 - EM09)
A0
P01
S11
P02
C01
S12
S13
S14
S15
S16
S17
S18
S24
S23
S22
S21
Ground
L01
D01
A
A
A - A
South
B - B
C - C
C
㪚
B
B
(a) Measurement points of SCC specimens.
(b) Measurement points of EDM specimens.
࿑ⷐ⚛⹜㛎૕⸘᷹ὐ㧔1/2㧕
Fig.2.1-9  Measurement points of specimens for pipe element tests (1/2).
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0 (Top)
30 30150
L01
D01
A01
P01 P02
㪈
S11
S12
S13
S14
S15S16
S17
S18 S24
S23
S22
S21
Ground
S52
S53
S54 S31
S42
S43
S44 S32
S33
S34
150
S01S02
A
A
A - A
South
B - B
C - C
D - D E - E
B
B
C
C
D
D
E
E
S51
S41
180(Bottom)
A : Accelerometer
L : Load Cell
P : Pressure Gauge
D : Displacement
S : Strain Gauge
   (Hoop & Axial at each position)
* S01 & S02 are measured only for EC05, EC06 and EC07
0(Top
180 (Bottom)
30 30150
P01 P02
S11
S12
S13
S14
S15
S16
S17
S18 S24
S23
S22
S21
L01
D01
A01
Ground
S51
S52
S53
S54
S41 S31
S42
S43
S44 S32
S33
S34
150
S01S02
A
A
A - A
South
B - B
C - C
D - D E - E
B
B
C
C
D
D
E
E
G
G
F
F
100 100
S74
G - G
S64
F - F
A : Accelerometer
L : Load Cell
P : Pressure Gauge
D : Displacement
S : Strain Gauge
   (Hoop & Axial at each position)
(c) Measurement points of EC01 - EC07.
(d) Measurement points of EC08, EC09, EA01 and EA02.
࿑ ⷐ⚛⹜㛎૕⸘᷹ὐ㧔2/2㧕
Fig.2.1-9   Measurement points of specimens for pipe element tests (2/2).
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ߒߡ޽ࠅ㧘ㇱಽAߣㇱಽBߩ㈩▤⚻〝ߪಽ㔌ߒߡ޿ࠆ㧚ᐔ
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߇ߥ޿ஜో㈩▤♽⹜㛎૕ߦߟ޿ߡ߽ടᝄታ㛎ࠍⴕߞߚ㧚
૶↪ߒߚ㈩▤ߩ᧚⾰ߪోߡ὇⚛㍑ STPT370ߢ㧘㈩▤ญᓘ
ߪⷐ⚛⹜㛎ߣห᭽100Aߣߒߚ㧚⡺ෘߪ㧘⹜㛎૕ㇱಽߢ޽
ࠆㇱಽAߢߪⷐ⚛⹜㛎ߣห᭽sch80㧔⡺ෘ8.6mm㧕㧘ㇱಽB
ߢߪ sch120㧔⡺ෘ 11.1mm㧕ߣߒߚ㧚ㇱಽBߪߔߴߡߩ⹜
㛎ߢ౒ㅢߦ૶↪ߒߚ㧚⹜㛎૕ߩฬ⒓ߣዉ౉ഠൻ᧦ઙߪએ
ਅߩㅢࠅߢ޽ࠆ㧚
(1)ޓ⹜㛎૕ฬ㧦2D_A01
ഠൻ᧦ઙ㧦ഠൻߥߒ
(2)ޓ⹜㛎૕ฬ㧦2D_B01
ഠൻ᧦ઙ㧦⋥▤ㇱᷫ⡺
࿑ߦ␜ߒߚ૏⟎ߩ⋥▤ㇱಽߩ⡺ෘࠍᯏ᪾ട
ᎿߦࠃࠅㅢᏱ⡺ෘߩ 50%ߦૐᷫߒ㧘ో๟ᷫ⡺ࠍ
ᮨᡆߒߚ㧚
(3)ޓ⹜㛎૕ฬ㧦2D_C01
ഠൻ᧦ઙ㧦ࠛ࡞ࡏㇱᷫ⡺
࿑ߦ␜ߒߚࠛ࡞ࡏ1ࠍ sch40ߩࠛ࡞ࡏߣߔ
ࠆߎߣߦࠃࠅో๟ᷫ⡺ࠍᮨᡆߒߚ㧚sch40ߩࠛ࡞
ࡏߩ⡺ෘߪ౏⒓ 6.0mmߢ޽ࠅ㧘ᷫ⡺㊂ߪ 30%ߣ
ߥࠆ㧚
ޓ⴫ߦ⹜㛎૕ߩ․ᕈࠍ߹ߣ߼ߡ␜ߔ㧚߹ߚ㧘࿑
ߦ࿕᦭୯⸃ᨆߢ᳞߼ߚ2D_A01ߩ࿕᦭ᝄേᢙߣᝄേࡕ࡯
࠼ࠍ␜ߔ㧚⹜㛎૕ߩ1ᰴ࿕᦭ᝄേࡕ࡯࠼ߢᡰ㈩⊛ߥᄌᒻߪ
ࠛ࡞ࡏ1㧘2㧘3ߩ㕙ౝᄌᒻߢ޽ࠅ㧘ஜో⁁ᘒߩ႐ว㧘ᦨᄢ
ᔕജ߇⊒↢ߔࠆߩߪࠛ࡞ࡏ1ߣߥࠆ߇㧘ࠛ ࡞ࡏ2ߩᔕജ߽
߶߷ห⒟ᐲߢ޽ߞߚ㧚
タ⩄᧦ઙ
ޓ㈩▤♽ࡕ࠺࡞ߦኻߒߡ㧘㒐ἴ⑼ቇᛛⴚ⎇ⓥᚲᚲ᦭ߩ৻
ᰴరᄢဳᝄേบࠍ↪޿ߡടᝄታ㛎ࠍⴕߞߚ㧚ടᝄᵄᒻߪ
⹜㛎૕ߩ 1ᰴ࿕᦭ᝄേࡕ࡯࠼ߩߺࠍബ⿠ߔࠆߚ߼㧘2.5Hz
㨪3.5Hzߩ⁜Ꮺၞ࡜ࡦ࠳ࡓᵄࠍ૞ᚑߒߡ૶↪ߒߚ㧚࿑
ߦ⁜Ꮺၞ࡜ࡦ࠳ࡓᵄߩടㅦᐲᤨೞᱧᵄᒻߣᔕ╵ࠬࡍࠢ࠻
࡞ࠍ␜ߔ㧚ታ㛎ߪߎߩ⁜Ꮺၞ࡜ࡦ࠳ࡓᵄߩ౉ജ࡟ࡌ࡞ࠍ
Condition of defect
Name Material Sy
*1
[MPa]
Su*1
[MPa]
Sm*1
[MPa]
Internal
pressure
(P)
[MPa]
Type Configuration Defected part
2D_A01 No defect --- ---
2D_B01
Full circumferential
thinning
Depth : 0.5 t*
Straight pipe
near the anchor
(See Fig. 2.2-1)
2D_C01
STPT370 302 473 158 11
Wall
thinning Full circumferential
thinning
Depth : 0.3 t*
Elbow 1
* ‘t’ denotes the normal pipe thickness
⴫ ᐔ㕙㈩▤♽⹜㛎ޓ⹜㛎૕৻ⷩ
Table 2.2-1  Specimens for 2-D piping system tests.
࿑ᐔ㕙㈩▤♽⹜㛎ޓ⹜㛎૕ᒻ⁁
Fig.2.2-1  2-D piping model for piping system test.
Thinned wall part of B01
Thinned wall part of C01
Weight (200kg)
760
2900
Sha
kin
g D
irec
tion
421
0 14
10
100
A, S
ch1
20
100
A, S
ch8
0
4270
Part A
Part B
(Elbow1)
Elbow2
Elbow3
Thinned wall part of 2D_C01
i  all part of 2D_B01
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Fig.2.2-2   The vibration mode of the 2-D piping model.
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Fig.2.2-3  Narrow band random wave used for the piping system
                 test of the 2-D piping model.
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Fig.2.2-5  3-D piping model for piping system test.
⴫  ┙૕㈩▤♽⹜㛎ޓ⹜㛎૕৻ⷩ
Table 2.2-2  Specimens for 3-D piping system tests.
Condition of defect
Name Material Sy
*1
[MPa]
Su*1
[MPa]
Sm*1
[MPa]
Internal
pressure
(P) [MPa] Type Configuration Defected part
3D_A01 STPT370 302 473 158 10 Nodefect --- ---
3D_C01
FSGP Elbow
(Elbow 1 & Elbow 2)
/ STPT370
(Ordinary part)
351 452 151
Elbow 1
and
Elbow 2
3D_C02
FSGP Elbow
(Elbow 1)
/ STPT370
(Ordinary part)
351 452 151 Elbow 1
3D_C03
FSGP Elbow
(Elbow 2)
/ STPT370
(Ordinary part)
351 452 151
10 Wallthinning
Full circumferential thinning
Depth : 0.48 t*2
Elbow 2
3D_D01
SUS304 (Part A)
/ STPT370
(Part B & Part C)
311 617 206
Partial EDM notch
Depth : 0.49 t*2
Full crack angle : 14.87[deg.]
3D_D02
SUS304
 (Part A & Part B)
/ STPT370
(Part C)
311 617 206
8 EDM
Full circumferential EDM notch
Depth : 0.5 t*2
Full crack angle : 360[deg.]
Straight pipe
near Elbow 1
(See Fig. 2.2-5)
      *1 Value at defected part
      *2 ‘t’ denotes the normal pipe thickness
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Fig.2.2-6   The vibration mode of the 3-D piping model.
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Fig.2.2-7  Narrow band random wave used for the piping system
                test of the 3-D piping model.
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Fig.2.2-8  Measurement points of the 3-D piping model.
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Fig. 3.1.1-1 Crack penetration from initial SCC (SC01).
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Fig. 3.1.1-2  Broken positions of SCC specimens.
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Fig. 3.1.1-3  Full circumferential break
                    (EM02, with full circumferential initial EDM notch).
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Fig. 3.1.1-4  Relation between max. input rotation angle and
                     max. bending moment of EDM specimen.
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Fig. 3.1.1-5  Relation between input rotation angle and bending
                   moment at amplitude increasing part of Sinusoidal
                     input wave.
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Fig. 3.1.1-6  Geometry of initial EDM notch and observation point
                     by SEM.
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Fig. 3.1.1-7  View of crack surface (EM03).
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ⷰኤ⚿ᨐߣ Sasakiࠄߩ㜞ࠨࠗࠢ࡞∋ഭ⹜㛎⚿ᨐ 5ࠍ࿑
ߦ␜ߔ㧚࿑ਛ㧘⊕ᛮ߈ߩ⪉ᒻ߇Sasakiࠄߦࠃࠆታ
㛎⚿ᨐ㧘Ⴃࠅߟ߱ߒߚὐ߇⎕㕙⸃ᨆ߆ࠄᓧࠄࠇߚ da/dN -
∆K㑐ଥߢ޽ࠆ㧚ታ✢ߢ␜ߒߚ⋥✢ߪSasakiࠄߦࠃࠆታ㛎
⚿ᨐߩ߈ⵚવ᠞ㅦᐲߩㄭૃᑼߢ޽ࠅ㧘ਅᑼߢ⴫ߐࠇࠆ㧚ߎ
ߎߢ㧘da/dNߪmm/cycle㧘∆KߪMPa㨯m1/2ߢ޽ࠆ㧚
(3.1.5)
࿑ߦ␜ߒߚࠃ߁ߦ㧘ᧄታ㛎ߢ⎕㕙⸃ᨆ߆ࠄᓧࠄ
ࠇߚ߈ⵚવ᠞ㅦᐲߪ㧘ᣢᓔߩ⎇ⓥߢᓧࠄࠇߡ޿ࠆ da/dN -
∆K㑐ଥߣ⦟ߊ৻⥌ߒߚ㧚ᧄታ㛎ߢ૶↪ߒߚ࡜ࡦ࠳ࡓᝄ᏷
ᵄߩࠃ߁ߥᄌേᝄ᏷ߩ⩄㊀߇૞↪ߔࠆ႐ว㧘߈ⵚㅴዷߦ
Striation(A-1)
Stretched zone
(A-2)
Striation(A-1)
Stretched zone
(A-2)
⴫ታ㛎㧘FEM⸃ᨆ㧘߅ࠃ߮ SEMⷰኤ߆ࠄᓧࠄࠇߚ߈ⵚ⽾ㅢߦⷐߒߚ౉ജ➅ࠅ㄰ߒᢙ
Table 3.1.1-2  Number of loading blocks obtained from tests, FEM analysis and SEM observation.
࿑⎕㕙ߩ SEMⷰኤ⚿ᨐ
㧔EM03㧘╙ 2㨪╙ 3ࡉࡠ࠶ࠢ㧕
Fig. 3.1.1-8   SEM image of fracture surface
                   (EM03, block No.2-No.3).
( )K F aξ σ π∆ = ⋅ ∆ (3.1.3)
2 3 4( ) 1.12 0.231 10.55 21.72 30.39F ξ ξ ξ ξ ξ= − + − + (3.1.4)
91.76 10da K
dN
−
= ∗ ⋅ ∆
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
1 10 100 1000 104
Ref.5)
EM 02(S)
EM 03(S)
EM 05(S)
SZW  by test
SUS304(R=-1)
da
/d
N
 [
m
/c
yc
le
]
∆ K [MPa*m1/2]
࿑߈ⵚㅴዷ㊂㧙ᔕജ᜛ᄢଥᢙ▸࿐㑐ଥ
Fig. 3.1.1-9   Relation between crack propagation rate and stress
                    intensity factor range.
* ‘t’ denotes the thickness at normal part     ** Results from FEM analysis in Chapter 5 
Condition of defect Loading times Name 
Type Full angle Depth*
Type of 
loading 
Max. 'V
[MPa] Test results FEM** SEM 
EM02 Sinusoidal 707 1(16 cycles) 
1
(8cycles) --
EM03
360q
Random 700 10 2 10 
EM05
EDM
90q
0.5t
Random 820 4 2 4 
 ‘t  tes the normal pipe thickness
－　 －
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ᯏེ࡮㈩▤♽ߩ⚻ᐕᄌൻߦ઻߁⠴㔡቟ో⵨ᐲ⹏ଔᚻᴺߩ⎇ⓥޓႎ๔ᦠ㧙ਛ᧛߶߆
ㆃᑧ߿ടㅦ߇⿠߈ࠆߎߣ߇⍮ࠄࠇߡ޿ࠆ߇㧘ᧄታ㛎ߢណ
↪ߒߚᵄᒻߪṖࠄ߆ߦᄌൻߒߡ޿ࠆߩߢ㧘ߘߩࠃ߁ߥ㗼
⪺ߥ⃻⽎ߪ⹺߼ࠄࠇߥ߆ߞߚ㧚
ᷫ⡺㈩▤߅ࠃ߮ஜో㈩▤
⎕៊⁁ᴫ
ⷐ⚛⹜㛎ߩ߁ߜᷫ⡺㈩▤߅ࠃ߮ஜో㈩▤ߩ⹜㛎⚿ᨐࠍ
⴫ߦߣࠅ߹ߣ߼ߡ␜ߔ㧚⹜㛎૕ߩ߁ߜᱜᒏᵄߦࠃ
ࠅタ⩄ߒߚ߽ߩߦߟ޿ߡߪ㧘⎕៊߹ߢߦⷐߒߚᱜᒏᵄቯ
Ᏹㇱಽߩᵄᢙࠍ⴫ਛߦ૬⸥ߒߚ㧚ᷫ⡺㈩▤ߢߪ㧘ᷫ⡺㊂߅
ࠃ߮ౝ࿶୯ߩ㑐ଥߦࠃࠅએਅߩ⎕៊ᒻᘒ߇⏕⹺ߐࠇߚ㧚
(1)ޓᷫ⡺㊂ 25%㨪 60%㧘ౝ࿶ 11MPa
㧔EC01㨪EC05㧘EC08㧘EC09㧕
ౝ࿶ߦࠃࠅᷫ⡺ㇱಽߦ↢ߓࠆ⤑ᔕജߪ㧘㒠ફᔕ
ജࠍσyߣߔࠆߣ25%ᷫ⡺⹜㛎૕㧔EC08㧕ߢ 0.30
σy㧘50%ᷫ⡺⹜㛎૕㧔EC01㨪EC05㧕ߢ0.45σy㧘60%
ᷫ⡺⹜㛎૕㧔EC09㧕ߢ 0.58 σyߢ޽ߞߚ㧚ߎࠇࠄ
ߩ⹜㛎૕ߪ㧘ోߡᷫ⡺ㇱಽߢ࡜࠴ࠚ࠶࠻ߦࠃࠅ
㈩▤ᄖᓘ߇⤘ࠄߺ㧘ߎߩ࡜࠴ࠚ࠶࠻ᄌᒻㇱಽߢ
ૐࠨࠗࠢ࡞∋ഭ߈ⵚ߇⽾ㅢߒߚ㧚࿑ߦ
EC05ߩ⎕៊⁁ᴫࠍ␜ߔ㧚࡜࠴ࠚ࠶࠻ߦࠃࠆ㈩▤
ᄖᓘߩჇട₸ߪ 10%㨪 20%ߣߥߞߚ㧚タ⩄ጁᱧ
ߩ㆑޿ߦࠃࠆ⎕៊ᒻᘒߩ㆑޿ߪ⏕⹺ߐࠇߥ߆ߞ
ߚ㧚ߥ߅㧘EC03ߪ㧘⹜㛎೨ߩᝄേบ࠙ࠜ࡯ࡒࡦ
ࠣࠕ࠶ࡊᤨߦタ⩄ⵝ⟎ߩਇౕวߩߚ߼ㆊᄢߥᒝ
೙ᄌ૏߇૞↪ߒ⎕៊ߒߚߚ߼࠺࡯࠲߇ᓧࠄࠇߥ
߆ߞߚ㧚
(2)ޓᷫ⡺㊂ 50%㧘ౝ࿶ߥߒ㧔EC06㧕
ౝ࿶ߩߥ޿⹜㛎૕ߢߪ㧘タ⩄ߦ઻޿ᷫ⡺ㇱಽ߇
㈩▤ౝ㕙ߦ᛬ࠇᦛ߇ࠆዪㇱᐳዮ߇⊒↢ߒߚ㧚ߎ
ߩᐳዮᄌᒻߩ㗂ㇱߢ߈ⵚ߇⊒↢ߒ㧘ᓟ⛯ߩᢙࠨ
ࠗࠢ࡞ߦࠃࠅో๟⎕ᢿߦ⥋ߞߚ㧚ߎߩ⚿ᨐ߆ࠄ㧘
ౝ࿶ߩߥ޿ᷫ⡺㈩▤ߩ⎕៊ᒻᘒߪዪㇱᐳዮࠍ઻
߁ૐࠨࠗࠢ࡞∋ഭ⎕უߢ޽ࠆߣ⠨߃ࠄࠇࠆ㧚࿑
ߦEC06ߩ⎕៊⁁ᴫࠍ␜ߔ㧚タ⩄ᣇะߩ
ᄖᓘߪ⚂ 20%ᷫዋߒߡ޿ߚ㧚
(3)ޓᷫ⡺㊂ 75%㧘ౝ࿶ 11MPa㧔EC07㧕
ౝ࿶ߦࠃࠅᷫ⡺ㇱಽߦ↢ߓࠆ⤑ᔕജߪ㧘0.9 σyߣ
ߥߞߚ㧚ߎߩ⹜㛎૕ߢߪ㧘➅ࠅ㄰ߒタ⩄ߦ઻޿ᷫ
⡺ㇱಽߢ࡜࠴ࠚ࠶࠻ᄌᒻ߇㗼⪺ߦ↢ߓߚ㧚ᦨ⚳
⊛ߦᷫ⡺ㇱಽߢ๟ᣇะߦ߈ⵚ߇⽾ㅢߔࠆߣߣ߽
ߦ㧘㈩▤๟ᣇะߩ 3ࡩᚲߢゲᣇะ߈ⵚ߇⊒↢ߒ
ߚ㧚࿑ߦEC07ߩ⎕៊ᒻᘒࠍ㧘࿑
ߦゲᣇะ߈ⵚߩ⊒↢૏⟎ࠍ␜ߔ㧚࡜࠴ࠚ࠶࠻ᄌ
ᒻߩߚ߼ߦᄖᓘߪ 30%એ਄Ⴧടߒߚ㧚߹ߚゲᣇ
ะ߈ⵚߩ⊒↢ߒߚㇱಽߩ⡺ෘߪ 1.1mm㨪 1.6mm
ߦᷫዋߒߡ޿ߚ㧚৻ᣇ100Aߩ㈩▤ߢ11MPaߩౝ
࿶ࠍ଻ᜬߔࠆߩߦᔅⷐߥ⡺ෘߪ 1.46mmߣߥࠆ㧚
ߒߚ߇ߞߡ㧘๟ᣇะ߅ࠃ߮ゲᣇะߦ⊒↢ߒߚ߈
ⵚߣゲᣇะ߈ⵚ⊒↢૏⟎ߦ߅ߌࠆ⡺ෘߩᷫዋ߆
ࠄ㧘EC07ߢߪౝ࿶ߦࠃࠆ⎕ⵚߣૐࠨࠗࠢ࡞∋ഭ
࿑࡜࠴ࠚ࠶࠻ߦࠃࠆᷫ⡺ㇱಽߩᄌᒻ
㧔EC05㧘ౝ࿶޽ࠅ 50%ᷫ⡺⹜㛎૕㧕
Fig. 3.1.2-1   Deformation at thinned wall part caused by ratchet
                   (EC05, 50% thinned wall with internal pressure).
࿑ᷫ⡺ㇱಽߢߩዪㇱᐳዮᄌᒻ
㧔EC06㧘ౝ࿶ߥߒ 50%ᷫ⡺⹜㛎૕㧕
Fig. 3.1.2-2  Buckling deformation at thinned wall part
                   (EC06, 50% thinned wall without internal pressure).
࿑๟ᣇะ෸߮ゲᣇะ߈ⵚߣ࡜࠴ࠚ࠶࠻ᄌᒻ
㧔EC07㧘ౝ࿶޽ࠅ 75%ᷫ⡺⹜㛎૕㧕
Fig. 3.1.2-3   Circumferential and longitudinal cracks and ratchet
                    deformation
                   (EC07, 75% thinned wall with internal pressure).
Loading direction 
Longitudinal cracks 
Top 
Bottom 
࿑EC07ߢ⏕⹺ߐࠇߚゲᣇะ߈ⵚߩᢿ㕙਄ߩ⊒↢૏⟎
Fig. 3.1.2-4  Position of the longitudinal cracks that appeared in
                     EC07.
Circumferential crack Longitudinal crack
Buckling deformation Circumferential crack
Ratchet deformation Circumferential crack
－　 －
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ᯏེ࡮㈩▤♽ߩ⚻ᐕᄌൻߦ઻߁⠴㔡቟ో⵨ᐲ⹏ଔᚻᴺߩ⎇ⓥޓႎ๔ᦠ㧙ਛ᧛߶߆
⎕უ߇ᷙ࿷ߔࠆ⎕៊ᒻᘒߣߥߞߚߣ⠨߃ࠄࠇࠆ㧚
એ਄߆ࠄ㧘ᧄታ㛎ߢ⏕⹺ߐࠇߚᷫ⡺㈩▤ߩ⎕៊ᒻᘒߪ㧘
࡜࠴ࠚ࠶࠻ࠍ઻߁ૐࠨࠗࠢ࡞∋ഭ⎕უ㧘ᐳዮ㧘ૐࠨࠗࠢ࡞
∋ഭ⎕უߣ⎕ⵚߣߩᷙ࿷ߩ 3⒳㘃ߣߥߞߚ㧚
ஜో㈩▤ߦߟ޿ߡߪ㧘න⺞タ⩄ߩ߽ߩߪⵝ⟎ߩᦨᄢ⸵
ኈ౉ജᄌ૏ߢ޽ࠆ140mm߹ߢᄌ૏ࠍჇടߐߖߚ߇⎕៊ߪ
↢ߓߥ߆ߞߚߚ߼㧘⎕៊ߐߖߕߦ⹜㛎ࠍ⚳ੌߒߚ㧚➅ࠅ㄰
ߒタ⩄ߩ߽ߩߪ౉ജᄌ૏r95mmߢ⹜㛎㈩▤ߣ⵬ᒝ㈩▤ࠍ
ធวߒߚṁធㇱಽߢ߈ⵚ߇⽾ㅢߒߚ㧚࿑ߦන⺞タ
⩄ࠍⴕߞߚEA01ߩ140mm౉ജᤨߩᄌᒻ⁁ᘒࠍ㧘࿑
ߦ➅ࠅ㄰ߒタ⩄ࠍⴕߞߚEA02ߩ⎕៊⁁ᴫࠍ␜ߔ㧚
ᷫ⡺㊂ߣ࡜࠴ࠚ࠶࠻ᄌᒻ㊂ߩ㑐ଥ
ౝ࿶ࠍ⽶⩄ߒߡタ⩄ታ㛎ࠍⴕߞߚ⹜㛎૕ߢߪ㧘➅ࠅ㄰
ߒタ⩄ߦ઻޿࡜࠴ࠚ࠶࠻ᄌᒻࠍ↢ߓߚ㧚࡜࠴ࠚ࠶࠻ߦࠃ
ࠆᄖᓘᄌൻ㊂ࠍᛠីߔࠆߚ߼ߦ㧘⹜㛎ߩ೨ᓟߢࡁࠡࠬࠍ
૶↪ߒߡᷫ⡺ㇱಽߩᄖᓘࠍ⸘᷹ߒߚ㧚ߎߎߢ㧘⹜㛎ᓟߩᄖ
ᓘ߆ࠄ⹜㛎೨ߩᄖᓘߩᏅࠍߣࠅ㧘⹜㛎೨ߩᄖᓘߢ㒰ߒߚ
୯ࠍᄖᓘᄌൻ₸ߣߔࠆ㧚ᷫ⡺㊂ߣᄖᓘᄌൻ₸ߩ㑐ଥߪ࿑
ߩࠃ߁ߦߥࠆ㧚࿑ਛ㧘Ⴃࠅߟ߱ߒߚࡑ࡯ࠢߪタ⩄
ᣇะߩᄖᓘᄌൻ₸ࠍ㧘⊕ᛮ߈ߩࡑ࡯ࠢߪタ⩄ᣇะߣ⋥੤
ߔࠆᣇะ㧔એਅ⋥੤ᣇะߣߔࠆ㧕ߩᄖᓘᄌൻ₸ࠍ␜ߔ㧚ߚ
ߛߒ㧘EC01ߦߟ޿ߡߪ⎕៊೨ߦタ⩄࡟ࡌ࡞ࠍᢙ࿁ᄌᦝߒ
ߡ޿ࠆߚ߼㧘એਅߩᬌ⸛ߢߪኻ⽎ᄖߣߒߚ㧚
ߎߩ࿑߆ࠄ㧘➅ࠅ㄰ߒタ⩄ߦ઻޿タ⩄ᣇะ࡮⋥੤ᣇะ
ߣ߽ߦ࡜࠴ࠚ࠶࠻ᄌᒻߩߚ߼ᄖᓘ߇Ⴧടߔࠆ߇㧘ᄖᓘᄌ
ൻ₸ߪ⋥੤ᣇะߦセߴߡタ⩄ᣇะߩᣇ߇ᄢ߈޿ߎߣ߇ࠊ
߆ࠆ㧚࿑ਛߦᦛ✢ߢ␜ߒߚࠃ߁ߦ㧘EC04㧘EC05㧘EC08ߪ
౉ജᄌ૏ 35mmߢ㧘EC02㧘EC07㧘EC09ߪ౉ജᄌ૏ 25mm
ߢタ⩄ࠍⴕߞߚ㧚ߎࠇࠄߩ⹜㛎૕ߩᲧセ߆ࠄ㧘ᦨ⚳⊛ߥ࡜
࠴ࠚ࠶࠻ᄌᒻ㊂ߪ㧘౉ജ࡟ࡌ࡞߇หߓߢ޽ࠇ߫ᷫ⡺㊂߇
ᄙ޿߶ߤᄢ߈ߊߥࠆ௑ะ߇޽ࠆߎߣ߇ࠊ߆ࠆ㧚߹ߚ㧘ᷫ⡺
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Fig. 3.1.2-5  Deformation of EA01 at 140 mm input displacement.
࿑ ṁធ✢⣁ߢߩ߈ⵚ⽾ㅢ㧔EA02㧘ஜో⹜㛎૕㧕
Fig. 3.1.2-6  Crack penetration at welding line (EA02, no defect).
Crack
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Fig. 3.1.2-7  Relation between wall thinning ratio and deformation
                     of diameter.
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Fig. 3.1.2-8  Ratcheting behavior of hoop strain
                      (EC04, 2nd time loading)
0
5
10
15
20
25
30
35
40
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
   
   
   
   
   
   
   
D
ef
or
m
at
io
n 
of
 d
ia
m
et
er
 [%
]
W all thinning ratio
EC02
EC04
EC05
EC07
EC08
EC09
EA02
Input 35mm
Input 25mm
－　 －
24
㒐ἴ⑼ቇᛛⴚ⎇ⓥᚲ⎇ⓥ⾗ᢱޓ╙ 220ภޓ2001ᐕ 10᦬
ᷫ⡺㊂ߣ⹜㛎૕෻ജߩ㑐ଥ
㈩▤ߦᷫ⡺߇ሽ࿷ߔࠆߣ㧘⹜㛎૕ߩ෻ജ߇ૐਅߔࠆߎ
ߣ߇⠨߃ࠄࠇࠆ㧚޽ࠆᷫ⡺㈩▤ߩタ⩄⹜㛎ߢᓧࠄࠇߚ෻
ജߦኻߒ㧘หߓ౉ജᄌ૏ߩタ⩄ߢᓧࠄࠇߚஜో⹜㛎૕
㧔EA02㧕ߩ෻ജ୯ࠍ෻ജߩၮḰ୯ߣߔࠆ㧚ᷫ⡺⹜㛎૕߆ࠄ
ᓧࠄࠇߚ෻ജ୯ߩၮḰ୯ߦኻߔࠆഀวߣᷫ⡺㊂ߩ㑐ଥߪ
࿑ߩࠃ߁ߦߥࠆ㧚EC05ߪ଀ᄖߣߥࠆ߇㧘ߘߩઁ
ߩ⹜㛎૕ߢߪ߶߷ᷫ⡺㊂ߦᔕߓߡ෻ജ߇ૐਅߔࠆ௑ะ߇
⃻ࠇߡ޿ࠆ㧚ߎߎߢ㧘࿑ਛߦ␜ߒߚᦛ✢ߪ㧘⹜㛎㈩▤ㇱಽ
㧔sch80ߩ㈩▤ࠍ૶↪ߒߡ޿ࠆㇱಽ㧕߇ోߡᷫ⡺ߒߡ޿ࠆ
ߣߒߡᒢᕈ⸘▚ࠍⴕߞߚ႐วߩ㧘ᷫ⡺㊂ߦᔕߓߡૐਅߔ
ࠆ෻ജ࡟ࡌ࡞ࠍ␜ߒߡ޿ࠆ㧚ߎߩᦛ✢ߪᷫ⡺▸࿐ࠍᐢߊ
ขߞߡ޿ࠆߩߢෳ⠨Ყセߣߥࠆ߇㧘ᷫ⡺㊂߇ᄙߊߥࠆߣ
ᒢᕈ⸘▚߆ࠄ੍ᗐߐࠇࠆ෻ജ࡟ࡌ࡞ࠃࠅ߽ૐਅߩᐲว޿
߇⪺ߒߊߥࠆ㧚ߎࠇߪ㧘タ⩄⹜㛎ߢߪోߡߩ⹜㛎૕ߢᷫ⡺
ㇱಽ߇႟ᕈၞߦ౉ࠆᔕജ࡟ࡌ࡞ߢ޽ࠅ㧘႟ᕈൻߦ઻޿ዪ
0
0.2
0.4
0.6
0.8
1
1.2
0 0.2 0.4 0.6 0.8 1
EC02
EC04
EC05
EC06
EC07
EC08
EC09R
at
io
 o
f r
ea
ct
io
n 
fo
rc
e 
de
cr
ea
si
ng
W all thinning ratio
࿑ᷫ⡺㊂ߣ෻ജૐਅ₸ߩ㑐ଥ
Fig. 3.1.2-9  Relation between wall thinning ratio and decreased
                    reaction force ratio.
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Fig. 3.1.2-10  Relation between rotation angle and bending
                      moment of EA01.
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Fig. 3.1.2-11  Relation between rotation angle and bending moment
                      of EA01 & EA02.
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Fig. 3.2.1-1 Unexpected break of pipe near an anchor on the test
                     of 2D_B01.
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Fig. 3.2.1-2  Penetration of the crack on Elbow 2 of 2D_B01.
Elbow 2
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Fig. 3.2.1-3  Bulge of the thinned wall part of 2D_B01.
(a) Crack on side inner surface of Elbow 1.
(b) Crack on side inner surface of Elbow 2.
(c) No crack on thinned wall straight pipe part.
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Fig. 3.2.1-4  Penetration test results of 2D_B01.
Penetration part
Thinned wall
straight pipe part
Elbow 1
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Fig. 3.2.1-5   Penetration of crack on Elbow 1 (thinned wall elbow)
                     of 2D_C01.
 (a) Crack on side inner surface of Elbow 1.
(b) Small crack on side inner surface of Elbow 2.
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Fig. 3.2.1-6   Penetration test results of 2D_C01.
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(a) 2D_A01. (b) 2D_B01. (c) 2D_C01.
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Fig. 3.2.1-7  Change of transfer function.
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Fig. 3.2.1-8  Waveform at the maximum response.
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Fig. 3.2.1-9  Change of dominant frequency of the maximum
                    response.
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Fig. 3.2.1-10  Relation between input acc. and response acc..
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Fig. 3.2.1-11   Relation between input acc. and response disp..
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Fig. 3.2.1-12 Relation between maximum response disp. and the
                     strain at an end of an elbow.
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Fig. 3.2.1-13  Comparison to linear response analysis of 2D_A01.
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Fig. 3.2.1-14  Ratio of ratchet deformation of 2D piping models.
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Fig. 3.2.2-1  Fatigue crack at Elbow 1, 3D_A01.
(a) Crack penetration occurred at
     Elbow 1 during 1850Gal_#03
     excitation.
(b) Fatigue crack at Elbow 1.
࿑ 3D_C01ߩ⎕៊ᒻᘒ
Fig. 3.2.2-2  Failure mode of 3D_C01.
(a) S047 side. (b) S043 side.
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Fig. 3.2.2-3  Pipe surface deformation before crack penetration at
                    Elbow 1, 3D_C02 (after 1850Gal_#01 excitation test).
(a) S047 side. (b) S043 side.
࿑ࠛ࡞ࡏ 1ߦ߅ߌࠆ∋ഭ߈ⵚ㧔3D_C02㧕
Fig. 3.2.2-4  Fatigue crack at Elbow 1, 3D_C02.
(a) Crack penetration occurred at
     Elbow 2 during 1850Gal_#01
     excitation.
(b) Leak of water at Elbow 2.
࿑ 3D_C03ߩ⎕៊ᒻᘒ
Fig. 3.2.2-5  Failure mode of 3D_C03.
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▤⴫㕙ߢ⏕⹺ߐࠇߚ╭㧔1850Gal㧘1࿁⋡ߩടᝄᓟ㧕
Fig. 3.2.2-6 A line on the pipe surface before crack penetration at
                 EDM notch, 3D_D02 (after 1850Gal_#01 excitation
                   test).
࿑ 1850Gal 2࿁⋡ߩടᝄਛߦ߅ߌࠆ߈ⵚ⽾ㅢߩ⁁ᴫ
Fig. 3.2.2-7   Crack penetration occurred at EDM notch during
                   1850Gal_#02 excitation test.
Broken point
(a) View from the front. (b) View from the excitation
        direction.
࿑  3D_D02ߩ⎕៊⁁ᴫ
Fig. 3.2.2-8  Failure mode of 3D_D02.
(a) Response acc. at Elbow3.
(b) Internal pressure.
࿑ࠛ࡞ࡏ 3ߦ߅ߌࠆᔕ╵ടㅦᐲߣ㈩▤ౝ࿶
㧔3D_D02㧘1850Gal2࿁⋡㧕
Fig. 3.2.2-9   Response acc. at Elbow 3 and internal pressure
                    (3D_D02, 1850Gal_#02).
Crack penetration
Full circumferential break
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Fig. 3.2.2-10  Relation between input acc. and response acc. at
                       Elbow 3.
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Fig. 3.2.2-11  Relation between max. response disp. and range of
                       elbow deformation angle.
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Fig. 3.2.2-12  Relation between input acc. and ratio of elbow
                      deformation.
－　 －
 
 
 
35
ᯏེ࡮㈩▤♽ߩ⚻ᐕᄌൻߦ઻߁⠴㔡቟ో⵨ᐲ⹏ଔᚻᴺߩ⎇ⓥޓႎ๔ᦠ㧙ਛ᧛߶߆
ߪ㧘ߘࠇߙࠇᷫ⡺ࠛ࡞ࡏߩᄌᒻ߇ᄢ߈ߊߥߞߡ޿ߊ㧚৻
ᣇ㧘2ࡩᚲߩࠛ࡞ࡏࠍᷫ⡺ߐߖߚ⹜㛎૕㧔3D_C01㧕ߢߪ㧘
౉ജടㅦᐲ700GalߩടᝄߢᄌᒻⷺᲧ߇ࠊߕ߆ߦჇടߒߚ
޽ߣ㧘1400Gal߅ࠃ߮ 1850Galߩടᝄߢߪ㧘ᒢ႟ᕈ࡟ࡌ࡞
ߩടᝄߦ઻޿ᄌᒻⷺᲧ߇ᷫዋߔࠆ௑ะ㧘ߔߥࠊߜࠛ࡞ࡏ1
ߦኻߔࠆࠛ࡞ࡏ 2ߩᄌᒻ㊂߇⋧ኻ⊛ߦᄢ߈ߊߥࠆ௑ะߣ
ߥߞߚ㧚ߎࠇࠄߩᄌᒻⷺᲧߩᄌൻߪ㧘ᒢ႟ᕈᔕ╵ᤨߦߪ⹜
㛎૕ߩᝄേᔕ╵ᒻ⁁߇ᒢᕈၞߦ߅ߌࠆᔕ╵ᒻ⁁߆ࠄᄌൻ
ߒ㧘㈩▤♽ౝߢᦨ߽႟ᕈൻߒ߿ߔ޿ㇱಽߦᄌᒻ߇㓸ਛߒ
ߡ޿ߊߎߣࠍ␜ߒߡ޿ࠆ㧚3D_C01ߢߪࠛ࡞ࡏ2ߩᄌᒻ㊂
߇Ⴧടߔࠆ௑ะ߇⃻ࠇߚ߇㧘ߎࠇߪ㧘ᧄታ㛎ߢታᣉߒߚᒢ
႟ᕈ࡟ࡌ࡞ߩടᝄߦࠃࠆᝄേᔕ╵ߢ㧘⹜㛎૕ߩࠛ࡞ࡏ1߇
⩄㊀ߩ㒢⇇ὐߦ㆐ߒ㧘⹜㛎૕ౝߢ⩄㊀ಽᜂߩᄌൻ߇⿠ߎ
ࠅ㧘ࠛ ࡞ࡏ2ㇱಽߩ⽶ᜂߔࠆ⩄㊀߇Ⴧടߒߚߚ߼ߢߪߥ޿
߆ߣ⠨߃ࠄࠇࠆ㧚࿑ߦ␜ߒߚࠃ߁ߦ㧘3D_C02߅
ࠃ߮3D_C03ߩᷫ⡺ࠛ࡞ࡏߦߟ޿ߡ㧘ᒢ႟ᕈ࡟ࡌ࡞ߩ㐿㐽
ᄌᒻⷺ▸࿐ߪ3D_C01ߩࠛ࡞ࡏߣห⒟ᐲߢ޽ࠅ㧘ߎࠇࠄߩ
ࠛ࡞ࡏ߽⩄㊀ߩ㒢⇇ὐߦ㆐ߒߚน⢻ᕈ߇޽ࠆ㧚ߒ߆ߒ㧘ߎ
ࠇࠄߩ⹜㛎૕ߢߪ৻ᣇ߇೰ᕈߩ㜞޿ஜోࠛ࡞ࡏߢ޽ࠆߚ
߼㧘ᄌᒻⷺᲧߦᓇ㗀߇⃻ࠇࠆ߶ߤߩᄢ߈ߥ⩄㊀ಽᜂߩᄌ
ൻ߇↢ߓߥ߆ߞߚߣ⠨߃ࠄࠇࠆ㧚
ࠛ࡞ࡏߩᄖᓘᄌൻ
ஜో⹜㛎૕߅ࠃ߮ᷫ⡺⹜㛎૕ߢߪ㧘⹜㛎ߩ೨ᓟߦ߅޿
ߡࠛ࡞ࡏ1߅ࠃ߮ࠛ࡞ࡏ2ߩᄖᓘࠍ⸘᷹ߒߚ㧚⸘᷹૏⟎ߪ
ࠛ࡞ࡏߩਛᄩᢿ㕙㧔ࠛ࡞ࡏߩᆎὐ߆ࠄ 45qߩ૏⟎㧕ߢ޽
ࠆ㧚ฦ⹜㛎૕ߩᄖᓘᄌൻ₸ࠍ࿑ߦ␜ߔ㧚࿑
ߢ㧘٤ߪࠛ࡞ࡏ1㕙ౝᣇะ㧘غߪࠛ࡞ࡏ1㕙ᄖᣇะ㧘ٌ
ߪࠛ࡞ࡏ2㕙ౝᣇะ㧘٠ߪࠛ࡞ࡏ2㕙ᄖᣇะߩᄖᓘᄌൻ₸
ߢ޽ࠆ㧚߹ߚ㧘Ⴃࠅߟ߱ߒߚශߪஜోࠛ࡞ࡏࠍ㧘⊕ᛮ߈ߩ
ශߪᷫ⡺ࠛ࡞ࡏࠍᗧ๧ߒߡ޿ࠆ㧚
ߎߩ࿑߆ࠄ㧘ࠛ࡞ࡏߪタ⩄ߦ઻޿㕙ౝᣇะߩᄖᓘ߇ᷫ
ዋߒ㧘㕙ᄖᣇะߩᄖᓘ߇Ⴧടߔࠆ௑ะ߇޽ࠆߎߣ߇ࠊ߆
ࠆ㧚ߎࠇߪࠛ࡞ࡏਛᄩㇱ߇㕙ᄖᣇะࠍ㐳ゲߣߒߚᬦ౞ᒻ
ߦ஍ᐔൻߒߡ޿ࠆߎߣࠍ␜ໂߒߡ޿ࠆ㧚ᷫ⡺ࠛ࡞ࡏߢߪ㧘
3D_C01ߩࠛ࡞ࡏ1ߩࠃ߁ߦ㕙ౝᣇะ࡮㕙ᄖᣇะߣ߽ߦᄖ
ᓘ߇Ⴧടߔࠆ߽ߩ߽޽ࠆ߇㧘ߎࠇߪᢿ㕙ߩ஍ᐔൻߦ࡜
࠴ࠚ࠶࠻ᄌᒻ߇㊀⇥ߔࠆߚ߼ߣ⠨߃ࠄࠇࠆ㧚៊்ߒߚࠛ
࡞ࡏߣ៊்ߒߥ߆ߞߚࠛ࡞ࡏߣߢߪ៊்ߒߚࠛ࡞ࡏߩᣇ
߇ᄖᓘᄌൻ₸߇ᄢ߈ߊߥࠆ௑ะ߇޽ࠆ߇㧘․ߦ ᣇߩࠛ
࡞ࡏߩߺᷫ⡺ߒߚ3D_C02߅ࠃ߮3D_C03ߢߪ㧘ஜోࠛ࡞
ࡏߦߪ߶ߣࠎߤᄖᓘᄌൻ߇ߥߊ㧘ᷫ⡺ࠛ࡞ࡏ߇⪺ߒߊᄌ
ᒻߔࠆ௑ะ߇޽ࠆ㧚៊்ߒߚࠛ࡞ࡏߩᦨ⚳⊛ߥ㕙ᄖᣇะ
ߩᄖᓘჇട₸ߪ㧘ஜోࠛ࡞ࡏߢ⚂3%㧘ᷫ⡺ࠛ࡞ࡏߢߪ⚂
10㨪 12%ߣߥߞߚ㧚
࿑ߦ⹜㛎૕ 3D_C01ߩᒢ႟ᕈ࡟ࡌ࡞ടᝄ 1࿁
⋡㧔౉ജടㅦᐲ700Gal㧕ߦ߅ߌࠆ౉ജടㅦᐲ㧘ࠛ ࡞ࡏ1ߩ
ࠛ࡞ࡏ㐿㐽ᄌᒻⷺ㧘ࠛ ࡞ࡏ⣁஥஥㕙㧔S047஥㧕ߦ߅ߌࠆ
๟ᣇะ߭ߕߺߩᤨೞᱧᵄᒻࠍ␜ߔ㧚࿑߆ࠄ㧘ࠛ ࡞ࡏㇱಽߢ
߭ߕߺ߇⪺ߒ޿࡜࠴ࠚ࠶࠻⃻⽎ࠍ␜ߒߡ޿ࠆߎߣ߇ࠊ߆
ࠆ㧚߹ߚ㧘࡜࠴ࠚ࠶࠻߭ߕߺߩჇടߪ㧘ⷐ⚛⹜㛎ߩ࡜ࡦ࠳
ࡓᝄ᏷ᵄߦࠃࠆタ⩄ߣห᭽㧘ᝄേᔕ╵ਛᓢޘߦ⚥Ⓧߒߡ
޿ߊߩߢߪߥߊ㧘ࠛ࡞ࡏ㐿㐽ᄌᒻⷺߩᄢᝄ᏷ㄭறߢᢙ࿁
ߦࠊߚߞߡ⊒↢ߒ㧘ߘߩઁߩㇱಽߢߪ߭ߕߺᝄേᚑಽߩ
ߺ߇↢ߓߡ޿ࠆߎߣ߇ࠊ߆ࠆ㧚
-15
-10
-5
0
5
10
15
3D_A01 3D_C01 3D_C02 3D_C03
Elbow1 In plane
Elbow1 Out of plane
Elbow2 In plane
Elbow2 Out of plane
R
at
io
 o
f r
at
ch
et
 d
ef
or
m
at
io
n 
[%
]
Name of specimen
-1000
-500
0
500
1000
0 20 40 60 80
A
cc
. [
G
al
]
T ime[s]
-0.04
-0.02
0
0.02
0.04
0 20 40 60 80
D
01
 [r
ad
]
T ime[s]
-5000
0
5000
1 10 4
1.5 10 4
0 20 40 60 80
St
ra
in
 [m
ic
ro
]
T ime[s]
࿑┙૕㈩▤♽⹜㛎૕ߩ࡜࠴ࠚ࠶࠻ᄌᒻ㊂
Fig. 3.2.2-13  Ratio of ratchet deformation of 3D piping system
                       models.
(a) Input acceleration.
(b) Elbow deformation angle of Elbow 1.
(c) Hoop strain at S047 (Elbow 1, side surface).
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Fig. 3.2.2-14   Ratcheting behavior of hoop strain at side surface of
                        thinned wall elbow.
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ࠍ଀ߦ᜼ߍ㧘ᄌᒻߩᲧセ࿑ࠍ࿑ 㧔Ꮐ࿑߇⸃ᨆ㧘ฝ
࿑߇ታ㛎㧕ߦ␜ߔ㧚࿑ਛߩǰ=90q㧙270qߪ 90qߣ 270q
ߩᢿ㕙ࠍឬ౮ߒߡ޿ࠆ੐ࠍ␜ߔ㧚ቯ㊂⊛ߥᢙ୯ߩᲧセߪ
࿑ ߦ߅޿ߡ␜ߔ߇㧘ਔ࿑ߦ߅޿ߡ࡜࠴ࠚ࠶࠻ᄌᒻ
߇㗼⪺ߦ⴫ࠇߡ޿ࠆ੐߇ⷰኤߐࠇࠆ㧚߹ߚ㧼-Ǭࠞ࡯ࡉࠍ
࿑ ߦ␜ߔ㧚ߐࠄߦ࿑ ߦߪ⩄㊀ὐ෻ജ㧙ࠨࠗ
ࠢ࡞ᢙߩࠣ࡜ࡈࠍ␜ߔ㧚ታ㛎ߢߪ 20ࠨࠗࠢ࡞૏ߢ෻ജ୯
߇ᕆỗߦૐਅߒߡ޿ࠆߩߢ㧘⸃ᨆߪ 20ࠨࠗࠢ࡞߹ߢߩ⸘
▚ࠍⴕߞߚ߇㧘ታ㛎ߣ⸃ᨆࠍᲧセߔࠆߣ➅㄰ߒߩࡅࠬ࠹
࡝ࠪࠬࠞ࡯ࡉ෸߮⩄㊀ὐ෻ജߦߟ޿ߡ޿ߕࠇ߽ቯᕈ⊛ߥ
৻⥌ࠍ␜ߒߡ޿ࠆߎߣ߇ಽ߆ࠆ㧚ߎߎߢߪ⋭⇛ߔࠆ߇ઁ
ߩ⹜㛎૕߽⧯ᐓߩᏅߪ޽ࠆ߽ߩߩห᭽ߩ⚿ᨐ߇ᓧࠄࠇߡ
޿ࠆ㧚
߹ߚታ㛎ߩ߈ⵚ⽾ㅢᤨߦ߅ߌࠆᄖᓘ⸘᷹⚿ᨐߣ⸃ᨆ⚿
ᨐߩᲧセࠍ࿑ ߦ␜ߔ㧚࿑ ߦ߅޿ߡ㧘Y1ゲߪ
ᄖᓘࠍ␜ߒ㧘Y2ゲߪ⡺ෘࠍ␜ߒߡ޿ࠆ㧚߹ߕ⸃ᨆ⚿ᨐߦ
ᵈ⋡ߔࠆߣ㧘➅ࠅ㄰ߒᦛߍᔕജࠍฃߌࠆㇱ૏ߢ޽ࠆ 90q
෸߮ 270qߦ߅޿ߡ⚂ 7 ࠨࠗࠢ࡞⋡޽ߚࠅ߆ࠄ㗼⪺ߥᄖ
ᓘߩჇട෸߮⡺ෘߩᷫዋ߇␜ߐࠇߡ߅ࠅ㧘ゲᣇะߩ➅ࠅ
㄰ߒᄌᒻࠍฃߌࠆ૏⟎ߢߩౝ࿶ߦࠃࠆ࡜࠴ࠚ࠶࠻⃻⽎߇
↢ߓߡ޿ࠆߎߣ߇ࠊ߆ࠆ㧚
ߒ߆ߒਛ┙㕙਄ߩ 0q෸߮ 180qߢߪᄖᓘߩჇട෸߮
⡺ෘߩᷫዋߪߘࠇ⒟㗼⪺ߢߪߥߊ㧘ߎࠇߪਛ┙㕙ߦ߅޿
ߡߪゲᣇะߩ➅ࠅ㄰ߒᄌᒻ߇ή޿ὑߢ޽ࠆߣ⠨߃ࠄࠇࠆ㧚
৻ᣇ㧘ታ㛎⚿ᨐߪ౞๟ᣇะߩ 90q෸߮ 270q㧘0q෸߮
180qߣ߽৻᭽ߦᄖᓘߩჇടࠍ␜ߒߡ߅ࠅ㧘࡜࠴ࠚ࠶࠻⃻
⽎ߪ᣿⏕ߦ␜ߐࠇߡ޿ࠆ߽ߩߩቯ㊂⊛ߦߪ⸃ᨆ⚿ᨐߣ⧯
ᐓ⇣ߥߞߡ޿ࠆ㧚ታ㛎ߩ⸘᷹߇㧝ࡉࡠ࠶ࠢߩ➅ࠅ㄰ߒߩ
⚳ੌᓟߦⴕࠊࠇߚߎߣ㧘߹ߚߘߩᤨὐߢߪ߈ⵚߩ⊒↢߇
⹺߼ࠄࠇߚߎߣߥߤ߆ࠄታ㛎ߣ⸃ᨆߣߢቢోߦኻᔕߔࠆ
Ყセߦߥߞߡ޿ߥ޿੐߇ߘߩℂ↱ߣߒߡ᜼ߍࠄࠇࠆ㧚
߹ߚౝ࿶ߩߥ޿ࡕ࠺࡞㧔EC06㧕ߦߟ޿ߡ߽ߘߩା㗬ᕈ
ࠍ⠨ኤߔࠆ㧚⸃ᨆߩା㗬ᕈࠍ⹏ଔߔࠆὑ㧘ታ㛎ߣ⸃ᨆߩ
ᄌᒻ᜼േᲧセࠍ࿑ ߦ㧘ᄖᓘᄌൻߩᲧセ෸߮⸃ᨆߩ
⡺ෘᄌൻࠍ࿑ ߦ␜ߔ㧚ߎߩ㧞ߟߩ࿑߆ࠄ್ࠆࠃ߁
ߦ㧘ታ㛎ߣ⸃ᨆ߇߆ߥࠅㄭ޿᜼േ෸߮୯ࠍ␜ߒߡ޿ࠆ㧚
ߟ߹ࠅౝ࿶ߩ᦭ήߦ߆߆ࠊࠄߕ⸃ᨆߩା㗬ᕈߦߟ޿ߡߪ
⏕଻ߐࠇߡ޿ࠆߣ⠨߃ࠄࠇࠆ㧚
0
200
400
600
800
1000
1200
0 0.1 0.2 0.3 0.4 0.5
Natural strain
Tr
ue
 S
tre
ss
 (M
Pa
)
࿑ ⸃ᨆߦ↪޿ߚ᧚ᢱቯᢙ
Fig.4.2-2 Material property for the analysis.
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(a) Analysis(ǰ㧩90q㧙270q). (b) Experiment.
࿑ EC05ߩᄌᒻ࿑Ყセ
Fig.4.2-3 Deformation comparison of EC05.
࿑  FEM⸃ᨆߦ↪޿ߚࡔ࠶ࠪࡘ࿑
Fig.4.2-1 Finite element mesh subdivision. 
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࿑  EC05ߩ P-Ǭࠞ࡯ࡉ
Fig.4.2-4  P-Ǭof EC05
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Fig.4.2-6  Outer diameter and wall thickness change of EC05 
       Number of cycles. 
࿑  EC05ߦ߅ߌࠆ⩄㊀ὐ෻ജጁᱧ࿑
Fig.4.2-5  Load point reaction of EC05 for Number of cycles.
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(a) Analysis(ǰ㧩90º㧙270º). (b) Experiment.
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Fig.4.2-7 Deformation comparison of EC06.
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Fig.4.2-11  Stress of 3directions at B point.
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Fig.4.2-12  Axial strain at each point㧔EC05㧕.
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Fig.4.2-13  Axial stress in compression.
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Fig.4.2-14  Equivalent plastic strain distribution of EC06.
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Fig.4.2-15  Axial strain at each point㧔EC06㧕.
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ߘߩઁߩࡕ࠺࡞ߪ 50 ࠨࠗࠢ࡞߹ߢߩടᝄߦࠃࠆ Dd-Df
✢࿑ߩጁᱧߢ޽ࠆ㧚ߎߩࠨࠗࠢ࡞ᢙߪᱜᒏᵄߩẋჇ࡮ẋ
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઻޿ᓢޘߦߘߩ୯ࠍߩ߫ߒߡ޿ࠆ㧚
੹࿁ߩ⸃ᨆ⚿ᨐߢ Coffinᑼࠍḩߚߒߚ߽ߩߪ EC09ߩ
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EC05 ߣߥߞߚ㧚߹ߚᦺ↰ߩታ㛎ᑼΤࠍḩߚߔ߽ߩߪ
EC05㧘EC09 ߦട߃ߡ EC07 ߣ EC02 ߇ḩߚߒߡ޿ࠆ.࿑
߆ࠄᵈ⋡ߢ߈ࠆ੐ߣߒߡ EC07㧔75㧑ᷫ⡺㧕෸߮ EC09
㧔60㧑ᷫ⡺㧕⹜㛎૕ߩ Dd ୯߇ઁߩ⹜㛎૕ߦᲧߴ㜞ߊߥ
ߞߡ޿ࠆ੐ߢ޽ࠆ㧚ߟ߹ࠅ⡺ෘ߇⭯޿ࡕ࠺࡞ߪ㧘࡜࠴ࠚ
࠶࠻ߦࠃࠅᐔဋ๟ᣇะ߭ߕߺ߇㜞ߊߥࠅ㧘ߘߩಽᑧᕈᶖ
⠻୯߇㜞ߊߥߞߡ޿ࠆߎߣ߇ࠊ߆ࠆ㧚ታ㓙ߩታ㛎ߢ߽㧘
⡺ෘߩ⭯޿ࡕ࠺࡞ߪᭂ┵ߦᣧ޿࿁ᢙߢ߈ⵚ߇⽾ㅢߒߡ޿
ࠆ㧚ߔߥࠊߜᷫ⡺ㇱߩᷓߐߪ㈩▤ߩ⎕უ࿁ᢙߦᦨ߽ᓇ㗀
ࠍਈ߃ࠆࡄ࡜ࡔ࡯࠲ߢ޽ࠆߣ⠨߃ࠄࠇࠆ㧚
⴫ ߦታ㛎⚿ᨐߣ⸃ᨆ⚿ᨐߩᲧセᬌ⸛ࠍⴕߞߡ޿
ࠆ㧚⴫ਛ߆ࠄࠊ߆ࠆߣ߅ࠅ Df > 0.25ߢᑧᕈᶖ⠻ߩᓇ㗀ࠍ
ᦨ߽⠨ᘦߔࠆᦺ↰ߩታ㛎ᑼΤߩ⚿ᨐ߇㧘ㆊᐲߩ቟ో஥ߥ
߇ࠄታ㛎⚿ᨐߩ௑ะߦ⸃ᨆ⚿ᨐ߇ᦨ߽ㄭߊߥߞߡ޿ࠆߣ
⠨߃ࠄࠇࠆ㧚ታ㛎ߢߪ EC07 ߇ᦨ߽ᣧߊ⎕უߦ⥋ߞߡ߅
ࠅ㧘ᑧᕈᶖ⠻ߩᓇ㗀߇⦡Ớߊ಴ߡ޿ࠆ㧚⎕უࠨࠗࠢ࡞ᢙ
ߩᣧ޿㗅ߦ EC07ψEC05ψEC09ψEC02 ߩ௑ะࠍᧄ⸃ᨆ
ߦ߅ߌࠆᦺ↰ߩታ㛎ᑼΤߪ㕖Ᏹߦ⦟ߊᝒ߃ߡ߅ࠅ㧘⎕უ
ߦኻߔࠆ৻ߟߩ‛Ꮕߒߣߒߡ㧘ߎߩ Dd - Df✢࿑߇᦭ലߢ
޽ࠆ੐ࠍ␜ߒߡ޿ࠆ㧚
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Fig.4.2-16 Relation between Dd and Df.
D
d (
=ǭ
㨔
/ǭ
f)
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
EC05 
EC07 
EC08 
EC09 
Asada Σ
Asada Τ
EC02 
EC04 
Coffin equation 
⴫  ฦ⹜㛎૕ߩ⸃ᨆ⚿ᨐ
Table 4.2-1  Analytical result of each test specimen.
Test specimen name EC02 EC04 EC05 EC07 EC08 EC09 
Thinned depth 
(㨙㨙) 4.3 4.3 4.3 6.45 2.15 5.16 
Frequency input into  
the analysis 1 block 1 block 
20 cycles 
(0.4 block) 
20 cycles 
(0.4 block) 1 block 1 block 
Pattern of input disp.wave Sine wave Random amplitude wave Sine wave Sine wave Sine wave Sine wave 
Damage rate Ș 
(In the last cycle) 0.545  0.088  0.784  0.305  0.096  0.869  
Df㩷 (In the last cycle) 0.695  0.233  0.863  0.491  0.245  0.919  
Dd㩷 (Maximum value) 0.093  0.073  0.106  0.146  0.072  0.114  
Destruction number of cycles 
using the Coffin equation - - - - - 36 
Destruction number of cycles 
using AsadaΣ - - 16 - - 25 
Destruction number of cycles 
using AsadaΤ 12 - 9 8 - 11 
Destruction number of cycles 
by Experiment 3 × 50 5 × 50 20 19 7×50 33 
did not reach destruction during 20 or 50 cycles in analysis. 
－　 －
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 5JGNN ࡕ࠺࡞ߦࠃࠆ◲ᤃ⸃ᨆᚻᴺ
೨▵߹ߢߦ߅޿ߡ㧘ዪᚲ⊛ᷫ⡺ㇱࠍ᦭ߔࠆ㈩▤ߩ⎕უ
ࡔࠞ࠾࠭ࡓࠍ⠨ኤߔࠆ੐߇ߢ߈㧘߈ⵚ⊒↢ㇱߩ․ቯߣߘ
ߩ⎕უኼ๮੍᷹ࠍⴕ߁੐߇಴᧪ߚ㧚ߎߎߢߪߐࠄߦ㧘
Shellࡕ࠺࡞ࠍ↪޿ࠆ੐ߢ㧘೨▵߹ߢߦⴕߞߚ⸃ᨆࠍࠃࠅ
◲නߦ⹏ଔߒ㧘࡜ࡦ࠳ࡓᝄ᏷ᵄߩࡄ࡜ࡔ࠻࡝࠶ࠢ⹏ଔ⸃
ᨆࠍ⹜ߺߚ㧚
⸃ᨆߦ㑐ߒߡߪࡕ࠺࡞ߩ૞ᚑ෸߮ⷐ⚛ಽഀࠍⴕߥ߁
ࡊ࡝ࡊࡠ࠮࠶ࠪࡦࠣߦ Microsoftߩ⴫⸘▚࠰ࡈ࠻ EXCEL
ࠍ㧘ታ㓙ߦ⸘▚ࠍⴕߥ߁࠰࡞ࡃ࡯ߦߪ ABAQUS ࠍ㧘⸃
ᨆ⚿ᨐߩ಴ജࠍⴕߥ߁ࡐࠬ࠻ࡊࡠ࠮࠶ࠪࡦࠣߦߪ
ABAQUS POST ࠍߘࠇߙࠇ↪޿ߚ.ᧄ⸃ᨆߩ․ᓽߩ৻ߟ
ߣߒߡࡊ࡝ࡊࡠ࠮࠶ࠪࡦࠣߦ EXCEL ࠍ↪޿ߚ੐߇᜼ߍ
ࠄࠇࠆ㧚EXCELࠍ૶↪ߔࠆߣ㧘ૃ ߚࠃ߁ߥࡕ࠺࡞ࠍ޿ߊ
ߟ߽૞ᚑߔࠆ႐ว㧘৻ߟߩࡕ࠺࡞ࠍ૞ᚑߔࠇ߫ᓟߪᄌᢙ
ࠍᄌ߃ࠆߛߌߢ㧘ࡕ࠺࡞߇૞ᚑ಴᧪ࠆὑ㧘ࡄ࡜ࡔ࡯࠲⸘
▚ࠍߔࠆ㓙ߩࡕ࠺࡞૞ᚑߦᄢᄌ᦭೑ߢ޽ࠆ㧚․ߦ Shell
ࡕ࠺࡞ߩ૞ᚑߦߪ᭴ᚑߔࠆ࠻ࡐࡠࠫࠞ࡞ࠝ࡯࠳࡯߇㕖Ᏹ
ߦන⚐ߢ޽ࠆὑ㧘ᄢᄌ᦭ലߢ޽ࠆ㧚
Shellࡕ࠺࡞ߩࡕ࠺࡞࿑ࠍ࿑ ߦ␜ߔ㧚ࡕ࠺࡞ൻ
ߒߚ㈩▤ߪᄌᒻߦ઻߁᧼ෘᄌൻ߇⠨ᘦߢ߈ࠆ 4▵ὐෘ⡺
Shellⷐ⚛ࠍ↪޿㧘ኻ⒓ᕈ߿ౝ࿶㧘ᒢ႟ᕈ⸃ᨆߦ૶↪ߒߚ
ᑼߥߤߪߔߴߡ 4.2.2ߦኻᔕߔࠆ㧚▵ὐᢙߪ 582㧘ⷐ⚛ᢙ
ߪ 530ߢ㧘EC05ߩࡕ࠺࡞ࠍ⸘▚ߔࠆߩߦ೨ㅀߒߚ Solid
ࡕ࠺࡞߇ CPU-timeߢ 8hours㧔HP⵾ J5000૶↪㧕ߢ޽ࠆ
ߩߦኻߒ㧘Shellࡕ࠺࡞ߪ 35minߣ Solidࡕ࠺࡞ߩ⚂ 7.3%
ߩ⸘▚ᤨ㑆ߢ⸘▚߇಴᧪ࠆ㧚ߎߩ⸘▚ᤨ㑆ߩ⍴❗ߪ૗ㅢ
ࠅ߽ߩ⸃ᨆࠍⴕ߁ࡄ࡜ࡔ࡯࠲⸃ᨆߦኻߒ㕖Ᏹߦ᦭↪ߢ޽
ࠅ㧘߹ߚࠬࡍ࠶ࠢߩૐ޿ EWSࡑࠪࡦߢ߽⸘▚߇಴᧪ࠆ㧚
Shellࡕ࠺࡞ߩା㗬ᕈࠍ⹏ଔߔࠆߚ߼ߦ㧘EC05ߩ P-Ǭ
ࠞ࡯ࡉࠍ Solid ࡕ࠺࡞ߣ Shell ࡕ࠺࡞ߩਔᣇߦߟ޿ߡ࿑
ߦ␜ߔ㧚߹ߚࠨࠗࠢ࡞ᢙߦኻߔࠆ Bὐߩ߭ߕߺߦ
ߟ޿ߡ㧘ߘࠇߙࠇᲧセߒߚ߽ߩࠍ࿑ ߦ␜ߔ㧚⩄㊀
ὐ෻ജߩ୯ߣߒߡߪ㧘߶ߣࠎߤ৻⥌ߒߡ߅ࠅ㧘ߘߩᦨᄢ
୯߽ Solidࡕ࠺࡞ߢ 55.4kN㧘Shellࡕ࠺࡞ߢ 55.5kNߣ⦟
޿৻⥌ࠍ␜ߒߡ޿ࠆ㧚߭ߕߺߦ㑐ߒߡߪ Shell ࡕ࠺࡞ߢ
޽ࠆὑ㧘ዪᚲ⊛ߥ᧼ෘᣇะߩ߭ߕߺߪ಴ജߔࠆ੐߇಴᧪
ߥ޿߇㧘ઁߩ 2ᣇะߩ߭ߕߺߦ㑐ߒߡߪ⦟޿৻⥌ࠍ␜ߒ
ߡ޿ࠆ㧚
߹ߚౝ࿶ߩή޿ EC06ߦ㑐ߒߡ߽ห᭽ߦ㧘ࠨࠗࠢ࡞ᢙ
ߦኻߔࠆ⩄㊀ὐ෻ജ୯ߦߟ޿ߡ㧘Solidࡕ࠺࡞ߣ Shellࡕ
࠺࡞ߩ୯ࠍᲧセߒߚ࿑ࠍ࿑ ߦ㧘ࠨ ࠗࠢ࡞ᢙߦኻߔ
ࠆ A ὐߩ߭ߕߺߦߟ޿ߡ㧘ߘࠇߙࠇᲧセߒߚ࿑ࠍ࿑
ߦߘࠇߙࠇ␜ߔ㧚⩄㊀ὐ෻ജߩጁᱧߦߟ޿ߡ߽⦟
޿৻⥌ࠍ␜ߒߡ߅ࠅ㧘ߎࠇࠄߩ࿑߆ࠄ⎕უࡔࠞ࠾࠭ࡓߩ
⇣ߥࠆ EC06 ߦ㑐ߒߡ߽㧘㕖Ᏹߦ♖ᐲߩ㜞޿⸘▚⚿ᨐ߇
␜ߐࠇߡ޿ࠆ੐߇ࠊ߆ࠆ㧚
એ਄ࠃࠅ Shellࡕ࠺࡞ߪ Solidࡕ࠺࡞ߣోߊห᭽ߩ⸃ᨆ
⚿ᨐࠍ␜ߔߎߣ߇ࠊ߆ߞߚ㧚ᧄ⸃ᨆߦ↪޿ߚ Shell ࡕ࠺
࡞ߪෘ⡺ 4▵ὐࡕ࠺࡞ߢ޽ࠆὑ㧘᧼ෘߩᄌൻߥߤࠍ಴ജ
ߔࠆ੐߇಴᧪ࠆ߇㧘Shellߢ޽ࠆὑዪᚲ⊛ߥ᧼ෘᣇะߩᔕ
ജ߿߭ߕߺߪ೨ㅀߒߚㅢࠅ಴ജߔࠆ੐߇಴᧪ߥ޿㧚ߒ߆
ߒ Solid ࡕ࠺࡞ߢ⹦⚦ߥᔕജ⁁ᘒࠍᛠីߒ㧘㊀ⷐߥㇱಽ
߇᳿ቯߐࠇߚ႐ว㧔ᧄ⸃ᨆߢߪ Bὐ෸߮ Aὐ㧕㧘㕖Ᏹߦ
◲ᤃ⊛ߢ᦭ലߥᚻᲑߢ޽ࠆߣ⠨߃ࠄࠇࠆ㧚
࿑  Shellࡕ࠺࡞ߦ߅ߌࠆࡔ࠶ࠪࡘ࿑
Fig.4.2-17  Finite element mesh subdivision.
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࿑  EC05ߦ߅ߌࠆ Solidߣ Shellࡕ࠺࡞ߩ P-Ǭࠞ࡯ࡉ
Fig.4.2-18  P-Ǭcurves of EC05 Solid and Shell model.
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(b) Shell model.  
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Fig.4.2-19  Strain history of EC05 at B point.
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Fig.4.2-20  Load point reaction hysteresis of EC06.
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Fig.4.2-21  Strain history of EC06 at A point.
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 ࡜ࡦ࠳ࡓᝄ᏷ᵄߩ⩄㊀ጁᱧߦኻߔࠆ∋ഭኼ๮⹏ଔ
EC04 ⹜㛎૕ߦ↪޿ࠄࠇߚ࿑ 
Dߦ␜ߔ࡜ࡦ࠳ࡓ
ᝄ᏷ᵄߩᒝ೙ᄌ૏㗅ᐨࠍ౉ࠇᦧ߃㧘4.2.6ߢቯ⟵ߒߚ Shell
ࡕ࠺࡞ࠍ↪޿ߡ⸃ᨆࠍⴕ߁ߎߣߢᄌ૏㗅ᐨߩᓇ㗀ࠍ⠨ኤ
ߒߚ㧚
࿑ 
Dߣหߓᄌ૏ࠍਈ߃㧘ߘߩ㗅ᐨࠍᄢ߆ࠄዊ߳
⒖ⴕߐߖࠆࡕ࠺࡞ࠍ EC041㧘ዊ߆ࠄᄢ߳⒖ⴕߐߖߚࡕ࠺
࡞ࠍ EC042ߣߒߚ㧚࿑ ߦߘߩ౉ജᵄᒻࠍ␜ߔ㧚
⸃ᨆ⚿ᨐߣߒߡ࿑ ߦ EC04㧘EC041෸߮ EC042
ߩᄖᓘ෸߮⡺ෘߩᄌൻࠍߘࠇߙࠇ␜ߔ㧚࿑ߦ߅޿ߡᄖᓘ
ߪ Y1ゲߦ㧘⡺ෘߪ Y2ゲߦߘࠇߙࠇኻᔕߔࠆ㧚ߎߩ࿑߆
ࠄ㧘޽ࠆ৻ቯએ਄ߩᝄ᏷ߢᄖᓘ෸߮⡺ෘߩᄌൻ߇⿠߈㧘
ߘࠇએਅߢߪᄌൻ߇⿠ߎߞߡ޿ߥ޿ߎߣ߇ࠊ߆ࠆ㧚
߹ߚ࿑  ߦ㧟ߟߩࡕ࠺࡞ߩὐ B ߦ߅ߌࠆ㧞ᣇะ
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Fig.4.2-22  Input waveform. 
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Fig.4.2-23  Outer diameter and wall thickness change of each analysis specimen. 
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Fig.4.2-24  Strain history at B point for each analysis model.
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Fig.4.3-1  Elbow displacement measurement position.
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Fig.4.3-2  Input acceleration in the shaking table test.
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Fig.4.3-3  Elbow opening-closing displacement.
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Fig.4.3-4  Elbow opening-closing displacement input into analysis.
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Fig.4.3-5  Finite element mesh subdivision. 
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(a) 3D-A01. 
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Fig.4.3-6  Load point displacement-reaction force curve of each model.
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Fig.4.3-7  Equivalent plastic strain distribution.
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Fig.4.3-8  Outer diameter deformation history at center of Elbow (3D-C01).
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Fig.4.3-9  Strain history of each direction at A point. 
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Fig.4.3-10  Elbow piping analysis model according to4 nodes thick shell model. 
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Fig.4.3-11  Load point displacement-reaction force curve.
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Fig.4.3-12  Strain of 2directions at A point.
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Fig.4.4-2  Flow of the simulation for 
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Fig.4.4-3  Stress-Strain curve. 
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Fig.4.4-4  Finite element mesh subdivision.
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Fig.4.4-5  Comparison of the number of crack penetration cycles in the experiment and analysis.
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Test specimen. Flaw shape and type Loading condition Experimental result Analytical result 
Name Material Crack Type Deptht㧦Thickness   

deg  Pattern of Disp 
Input displacement 
(mm)× 
test frequency.   
Penetration cycle 
SC01 SUS304 SCC - - Sinusoidal  ± 50 mm × 5blocks 
71 
(3 blocks 
correspond.  ) 
SC07 SUS304 SCC - - Sinusoidal  ± 50 mm × 5 blocks 
173 
䋨7 blocks 
correspond.䋩
EM02 SUS304 EDM 0.5t 360 Sinusoidal 
± 25 mm × 
1block 
(Constant region 16 
waves) 
8
EM03 SUS304 EDM 0.5t 360 Random amplitude wave 
± 25 mm × 
10 blocks 
69 
䋨2 blocks 
correspond.䋩
EM04 SUS304 EDM 0.5t 360 Sinusoidal 
± 21 mm × 
1 block 
(Constant region18 
waves) 
10 
EM05 SUS304 EDM 0.5t 90 Random amplitude wave 
± 35 mm × 
4 blocks 
61 
䋨2 blocks 
correspond.䋩
EM06 SUS304 EDM SCC Crack and equivalent cross section (SC01 simulation) Sinusoidal 
± 50 mm × 
2 blocks 
44 
(2 blocks 
correspond.) 
EM08 SUS304 EDM SCC Crack and equivalent cross section (SC07 simulation) Sinusoidal 
± 50 mm × 
4 blocks  
214 
(9 blocks 
correspond.) 
EM09 SUS304 EDM 0.5t 90 Sinusoidal 
± 35 mm × 
1 block 
(Constant region 19 
waves) 
10 
⴫  ታ㛎⚿ᨐߣ⸃ᨆ⚿ᨐ
Table 4.4-1  Comparison of analytical results and experimental results.
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Fig.4.4-6 Surface crack extension with increasing load cycles (1/2).
－　 －
㒐ἴ⑼ቇᛛⴚ⎇ⓥᚲ⎇ⓥ⾗ᢱ ╙ 220ภ 2001ᐕ 10᦬
 58 
㪇
㪈㪇
㪉㪇
㪊㪇
㪋㪇
㪌㪇
㪍㪇
㪎㪇
㪄㪏㪇 㪄㪍㪇 㪄㪋㪇 㪄㪉㪇 㪇 㪉㪇 㪋㪇 㪍㪇 㪏㪇
㪠㫅㫎㪸㫃㫃
㪜㫏㫋㪼㫉㫅㪸㫃㩷㫎㪸㫃㫃
㪠㫅㫀㫋㫀㪸㫃㩷㪚㫉㪸㪺㫂
㪈㪇㪇㪺㫐㪺㫃㪼㫊
㪈㪌㪇㪺㫐㪺㫃㪼㫊
㪉㪇㪇㪺㫐㪺㫃㪼㫊
㪉㪈㪋㪺㫐㪺㫃㪼㫊
㪇
㪈㪇
㪉㪇
㪊㪇
㪋㪇
㪌㪇
㪍㪇
㪎㪇
㪄㪏㪇 㪄㪍㪇 㪄㪋㪇 㪄㪉㪇 㪇 㪉㪇 㪋㪇 㪍㪇 㪏㪇
㫀㫅㫎㪸㫃㫃
㪜㫏㫋㪼㫉㫅㪸㫃㩷㫎㪸㫃㫃
㪠㫅㫀㫋㫀㪸㫃㩷㪚㫉㪸㪺㫂
㪍㪺㫐㪺㫃㪼㫊
㪐㪺㫐㪺㫃㪼㫊
㪈㪇㪺㫐㪺㫃㪼㫊
㪇
㪈㪇
㪉㪇
㪊㪇
㪋㪇
㪌㪇
㪍㪇
㪎㪇
㪄㪏㪇 㪄㪍㪇 㪄㪋㪇 㪄㪉㪇 㪇 㪉㪇 㪋㪇 㪍㪇 㪏㪇
㪠㫅㫎㪸㫃㫃
㪜㫏㫋㪼㫉㫅㪸㫃㩷㫎㪸㫃㫃
㪠㫅㫀㫋㫀㪸㫃㩷㪚㫉㪸㪺㫂
㪉㪇㪺㫐㪺㫃㪼㫊
㪋㪇㪺㫐㪺㫃㪼㫊
㪍㪇㪺㫐㪺㫃㪼㫊
㪎㪈㪺㫐㪺㫃㪼㫊
㪇
㪈㪇
㪉㪇
㪊㪇
㪋㪇
㪌㪇
㪍㪇
㪎㪇
㪄㪏㪇 㪄㪍㪇 㪄㪋㪇 㪄㪉㪇 㪇 㪉㪇 㪋㪇 㪍㪇 㪏㪇
㪠㫅㫎㪸㫃㫃
㪜㫏㫋㪼㫉㫅㪸㫃㩷㫎㪸㫃㫃
㪠㫅㫀㫋㫀㪸㫃㩷㪚㫉㪸㪺㫂
㪍㪇㪺㫐㪺㫃㪼㫊
㪈㪉㪇㪺㫐㪺㫃㪼㫊
㪈㪌㪇㪺㫐㪺㫃㪼㫊
㪈㪎㪋㪺㫐㪺㫃㪼㫊
㧔d㧕EM08. 
㧔e㧕EM09. 
㧔f㧕SC01. 
㧔g㧕SC07. 
࿑  ߈ⵚㅴዷᒻ⁁(2/2)
Fig.4.4-6 Surface crack extension with increasing load cycles (2/2).
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࡯ࠦᨆ⸃㧘ߒኻߦ▤⋥ࠆߔ᦭ࠍㇱ⡺ᷫ⊛ᚲዪߪߢ2.4
⚛ⷐ diloS㧚ߚߞⴕࠍᨆ⸃ᕈ႟ᒢߡ޿↪ࠍ SUQABA ࠼
ࠍ㛎⹜ߍᦛὐ 4 ▤⋥ߒ㄰➅ߚࠇࠊⴕߢ㛎ታ㧘ߡ޿↪ࠍ
ൻᄌ⁁ᒻߩ▤㈩߁઻ߦ⽎⃻࠻࠶ࠚ࠴࡜㧘ߢ੐ࠆߔᨆ⸃
ࠍ࿃ේߩߘߣቯᢿߩㇱਛ㓸ߺߕ߭㧘ߒ࠻࡯࡟ࡘࡒࠪࠍ
ߩᨆ⸃㧘ߒൻᤃ◲޿↪ࠍ⚛ⷐllehS ߦࠄߐ㧚ߚ߈ߢኤ⠨
㧚ߚ߈ߢ߇੐߁ⴕࠍᨆ⸃ߩ⒳ᄙߕࠊߥ៊ࠍᕈ㗬ା
࠶ࠚ࠴࡜ߚࠇߐ⟵ቯߡߞࠃߦࠄ↰ᦺ㧘ญᚭ㡻㧘niffoC
ഭ∋㧘޿↪ࠍᴺᚻߚߒᘦ⠨ࠍ㗀ᓇߩ⠻ᶖᕈᑧࠆࠃߦ࠻
㧘ߒኻߦൻᄌߩᐨ㗅㊀⩄㧘ߢ੐߁ⴕࠍ੍᷹ߩ๮ኼუ⎕
㊀⩄ࠆࠊടߦᓟᒻᄌ࠻࠶ࠚ࠴࡜ࠅࠃ೨ᒻᄌ࠻࠶ࠚ࠴࡜
㧚ߚߞ߆ࠊ߇੐ࠆ߃ਈࠍ㗀ᓇߦᐲᒝუ⎕ߩㇱ⡺ᷫ߇
㧘ߡ޿ߟߦ▤ࡏ࡞ࠛࠆߔ᦭ࠍㇱ⡺ᷫ⊛ᚲዪߪߢ 3.4
㧚ߚߞⴕࠍᨆ⸃ᕈ႟ᒢߚ޿↪ࠍ⚛ⷐllehS ߮෸⚛ⷐdiloS
߈ഭ∋࡞ࠢࠗࠨૐߩ▤㈩ࠆߔ᦭ࠍⵚ߈㕙⴫ߪߢ 4.4 
࡜ࠆߌ߅ߦSUQABA ࠼࡯ࠦᨆ⸃㧚ߚߞⴕࠍᨆ⸃ዷㅴⵚ
xamJ ࠲࡯ࡔ࡜ࡄቇജუ⎕㧘޿↪ࠍ࡞࠺ࡕࠣࡦ࡝ࡊࠬࡦࠗ
ᚻଔ⹏ߩߘ㧘ߒቯ᳿ࠍ㊂ዷㅴⵚ߈㧘ߢߣߎࠆߔ಴▚ࠍ
ߢ߹ࠆߔㅢ⽾ߒዷㅴ߇ⵚ߈㕙⴫㧘ߢߣߎߔ㄰ࠅ➅ࠍ㗅
ߒ᩺ឭߢⓥ⎇ᧄ.ߚ᧪಴߇੐߁ⴕࠍࡦ࡚ࠪ࡯࡟ࡘࡒࠪߩ
ኻߦⵚ߈ߩ⁁ᒻరᰴ㧞ߥ㔀ⶄ㧘ߢ੐ࠆ޿↪ࠍ࡞࠺ࡕߚ
⎕ࠆߌ߅ߦ㛎ታ㧘߈ߢ߇੐߁ⴕࠍଔ⹏ߩዷㅴⵚ߈㧘ߒ
಴߇ߣߎࠆᓧ߇ᨐ⚿ߥᅢ⦟ߨ᭎㧘ߴᲧߣᢙ࡞ࠢࠗࠨუ
㧚ߚ᧪
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ߎߩᒢ႟ᕈᔕ╵੍᷹ᚻᴺߢߪ㧘ᔕ╵ᄌ૏ߦኻߔࠆࠛ࡞
ࡏߢߩᶖᢔࠛࡀ࡞ࠡߩᄌൻࠍ㧘FEMࠍ↪޿ߚ㕒⊛ᒢ႟ᕈ
⸃ᨆߦࠃࠅ⸘▚ߒ㧘㈩▤♽ో૕ߩᝄേࠛࡀ࡞ࠡߣߩᲧ₸
ߣߒߡ╬ଔᷫ⴮Ყࠍផቯߒߡ޿ࠆ㧚ߎߩ╬ଔᷫ⴮Ყߪ㧘ᔕ
╵ᄌ૏ߦଐሽߔࠆ㕖✢ᒻߩᷫ⴮ߣߥࠆ㧚৻ᣇ㧘ᔕ╵ᄌ૏ߪ
ᷫ⴮Ყߦଐሽߔࠆ㊂ߢ޽ࠆߚ߼㧘ᄌ૏ଐሽဳߩᷫ⴮ߩၮ
ߢᝄേᔕ╵ࠍ੍᷹ߔࠆߦߪ෼᧤⸘▚߇ᔅⷐߣߥࠆ㧚ߎߎ
ߢㅀߴࠆᒢ႟ᕈᔕ╵੍᷹ᚻᴺߢߪ㧘ᝄേᔕ╵㊂߇ᷫ⴮Ყ
ࠍࡄ࡜ࡔ࡯࠲ߣߒߚᄙ㗄ᑼߢㄭૃߢ߈ࠆߣ઒ቯߒ㧘਄⸥
෼᧤⸘▚ߩ◲⇛ൻࠍ࿑ߞߡ޿ࠆ㧚ߎߩᒢ႟ᕈᔕ╵੍᷹ᚻ
ᴺߢ▚ቯߐࠇߚᔕ╵㊂ࠍታ㛎⚿ᨐߣᲧセߒߚ⚿ᨐ㧘႟ᕈ
ᄌᒻߦࠃࠆᔕ╵ૐᷫലᨐߩ௑ะ߇ౣ⃻ߐࠇ㧘ታ㛎⚿ᨐࠃ
ࠅ߽଻቞⊛ߥᔕ╵㊂ࠍ▚ቯߢ߈ࠆߎߣ߇ࠊ߆ߞߚ㧚
ᒢ႟ᕈᔕ╵੍᷹ᚻᴺߩ᭎ᔨ
ߎߎߢߩᒢ႟ᕈᔕ╵੍᷹ᚻᴺߪ㧘႟ᕈᄌᒻࠍ઻߁ㆊᄢ
ߥ࿾㔡ᔕ╵߇⊒↢ߔࠆ႐วߩᦨᄢᔕ╵㊂ࠍ੍᷹ߔࠆᚻᴺ
ߢ޽ࠆ㧚⃻࿷ߩ㈩▤♽ߩ⠴㔡⸳⸘ߦ߅޿ߡߪ㧘ਥߦ㧘ᔕ╵
ࠬࡍࠢ࠻࡞⸃ᨆ㧔✢ᒻᝄേᔕ╵⸃ᨆ㧕ࠍ↪޿ߡ㧘㈩▤♽ߩ
ᦨᄢᔕ╵㊂㧔㈩▤♽ฦㇱߦ↢ߓࠆࡕ࡯ࡔࡦ࠻㧕ࠍ᳞߼ߡ޿
ࠆ㧚ߎߩᦨᄢᔕ╵㊂ࠍၮߦ㈩▤♽ฦㇱߩᔕജࠍ▚಴ߒ㧘1
ᰴᔕജߣߒߡߩ⹏ଔࠍታᣉߒߡ޿ࠆ㧚߹ߚ㧘∋ഭ⹏ଔߦ߅
޿ߡߪ㧘㈩▤♽ߩ࿾㔡ᔕ╵ࠍ⹦⚦ߥᤨೞᱧ࠺࡯࠲ߣߒߡ
᳞߼ߡ⹏ଔߒߡ޿ࠆߩߢߪߥߊ㧘⹏ଔ਄቟ో஥ߦ⸳ቯߐ
ࠇߚ╬ଔ➅㄰ߒ࿁ᢙߛߌ࿾㔡ᔕ╵ߢߩᦨᄢᔕജ߇➅㄰ߒ
↢ߓࠆߣߒߡ⹏ଔࠍታᣉߒߡ޿ࠆ㧚ߎߩࠃ߁ߦ㧘⃻ⴕߩ⠴
㔡⸳⸘ߢߪ㧘࿾㔡ᔕ╵ߩᦨᄢ୯ߩߺࠍ▚ቯߒ㧘ߎߩᦨᄢᔕ
╵ࠃࠅ▚಴ߐࠇߚᔕജߦኻߒߡᒝᐲ⹏ଔ߇ⴕࠊࠇߡ޿ࠆ㧚
ߎߎߢㅀߴࠆᒢ႟ᕈᔕ╵੍᷹ᚻᴺ߽㧘࿾㔡ᔕ╵ߩᦨᄢ
୯ߩߺࠍ᳞߼ࠆ߽ߩߢ޽ࠅ㧘㈩▤♽߇႟ᕈᄌᒻࠍ↢ߓࠆ
ࠃ߁ߥㆊᄢߥ࿾㔡ᔕ╵߇↢ߓࠆ႐วߩᦨᄢᔕ╵㊂ࠍ⸘▚
ߔࠆᚻᴺߩ߭ߣߟߢ޽ࠆ㧚ߥ߅㧘⹦⚦ߦᒢ႟ᕈᔕ╵ߩጁᱧ
ࠍ᳞߼ࠆߚ߼ߩᚻᴺߣߒߡߪ㧘FEMߦࠃࠆ㕖✢ᒻ㧔᧚ᢱ
෸߮ᐞ૗ቇ⊛㕖✢ᒻ㧕ߩᤨೞᱧᔕ╵⸃ᨆ߇᜼ߍࠄࠇࠆ㧚ߎ
ߩ⹦⚦ᒢ႟ᕈᔕ╵⸃ᨆߢߪ㧘㈩▤♽ߩో૕ߣߒߡߩᒢ႟
ᕈᔕ╵᜼േ㧔႟ᕈᄌᒻߦࠃࠆ೰ᕈߩૐਅ෸߮ࠛࡀ࡞ࠡᶖ
ᢔߦ઻߁ᝄേᔕ╵᜼േߩᄌൻ㧕෸߮ዪᚲ⊛ߥ႟ᕈ߭ߕߺ
ߩጁᱧࠍᛠីߔࠆߚ߼ߦ㧘㕖✢ᒻߪࠅⷐ⚛㧔ߪࠅⷐ⚛ߩ๟
ᣇะ෸߮ゲᣇะߦⓍಽὐࠍ᦭ߔࠆᡆૃࠪࠚ࡞ⷐ⚛㧕㧘ࠪ ࠚ
࡞ⷐ⚛߽ߒߊߪ࠰࡝࠶࠼ⷐ⚛ߦࠃࠆ FEMࡕ࠺࡞ࠍ᭴▽
ߒ㧘േ⊛ߥ⸃ᨆߢ޽ࠆ⋥ធⓍಽᴺߦࠃࠆᤨೞᱧ⸃ᨆ߇ⴕ
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ᐲߥᛛⴚߣᤨ㑆ࠍⷐߔࠆ㧚߹ߚ㧘ࡕ࠺࡞ߩⓍಽὐᢙ߇㕖Ᏹ
ߦᄙߊߥࠅ㧘ߘߩࡕ࠺࡞ߦኻߒߡേ⊛ߥ㕖✢ᒻ㧔᧚ᢱ㧘ᐞ
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ࠆ㧚ߎߩࠃ߁ߥ⹦⚦⸃ᨆࠍ㧘ᄙ᭽ߥᒻ⁁ߩ㈩▤♽ߩోߡߩ
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〯߹߃ߡ㧘ታ㓙ߩ㈩▤♽ߩ⠴㔡⸳⸘ߦㆡ↪ߒᓧࠆ◲ᤃ⸘
▚ᚻᴺߣߒߡ㧘ᧄᒢ႟ᕈᔕ╵ᚻᴺࠍ┙᩺ߒߚ㧚
ᒢ႟ᕈᔕ╵੍᷹ᚻᴺߩᚻ㗅ࠍ࿑ߦ␜ߔ㧚ߎߩᒢ႟
ᕈᔕ╵੍᷹ᚻᴺߪ㧘ᄢ߈ߊಽߌߡ3⒳㘃ߩ⸘▚ࠃࠅ᭴ᚑߐ
ࠇࠆ㧚ߎࠇࠄ⸘▚ߩ᭎ⷐࠍએਅߦ␜ߔ㧚
Ԙ㈩▤♽ߩਛߩᔕജ㓸ਛㇱߢ޽ࠆ㈩▤⛮ᚻ㧔ᧄᬌ⸛ߢߪ
ࠛ࡞ࡏ㧕ߦ߅ߌࠆᶖᢔࠛࡀ࡞ࠡࠍ᳞߼ࠆ㧚ࠛ࡞ࡏ╬ߩ
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࿑ᧄ┨ߢឭ᩺ߒߚᒢ႟ᕈᔕ╵੍᷹ᴺߩᚻ㗅
Fig. 5.2-1 Procedure of elastic-plastic prediction method proposed
                in this section.
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Elbow 
Name 
Outer 
Diameter 
(mm) 
Thickness 
(mm) 
Bending 
Radius 
(mm) 
100A 
SCH80 8.6
100A 
SCH120 
114.3 
11.1 
152.4
Elbow Name Pressure (MPa) 
Amplitude of Input Disp. 
(mm) 
100A SCH80 11 5, 10, 15, 20, 25,30,35,40 
100A SCH120 0 5, 10, 15, 20, 25,30 
⴫ ࠛ࡞ࡏߩ઀᭽
Table 5.3-1  Specification of elbows.
࿑ࠛ࡞ࡏ⸃ᨆࡕ࠺࡞
Fig. 5.3-1  Analysis model of an elbow.
⴫ ࠛ࡞ࡏᒢ႟ᕈ⸃ᨆߩ౉ജ᧦ઙ
Table 5.3-2  Input condition of elasto-plastic analysis of elbows.
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(a) 100A SCH80.
(b) 100A SCH120.
࿑ ࠛ࡞ࡏߩ⩄㊀ᄌ૏․ᕈ
Fig. 5.3-2  Load-displacement curves of an elbow.
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(5.3.1)
1 2A , A
e
θ
∆
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ࠆ㧚ߎߩ㑐ଥߪ㧘㈩▤♽ߢᒢ႟ᕈᄌᒻ߇↢ߓࠆ႐วߩᷫ⴮
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ᝄേࡕ࡯࠼⸃ᨆ
ޓᝄേࡕ࡯࠼⸃ᨆߢߪᝄേࡕ࡯࠼ߩ᦭ല⾰㊂ߣ࿕᦭ᝄേ
ᢙࠍ᳞߼㧘(5.3.2)ᑼߦࠃࠅ㈩▤♽ో૕ߩᝄേࠛࡀ࡞ࠡࠍ᳞
߼ࠆ㧚⸃ᨆࡕ࠺࡞ࠍ࿑෸߮࿑ߦ␜ߔ㧚
( )1 2e A Aθ∆ = ⋅ −
0.0E+00
5.0E+03
1.0E+04
1.5E+04
2.0E+04
0.00 0.05 0.10 0.15
Bending Angle (rad)
ǻE
(N
m
)
Analysis
Approximation
0.0E+00
5.0E+03
1.0E+04
1.5E+04
2.0E+04
0.00 0.05 0.10 0.15
Bending Angle (rad)
ǻE
(N
m
)
Analysis
Approximation
Elbow Name A1 A2
100A SCH80 1.242E5 2.964E-2 
100A SCH120 1.989E5 2.511E-2 
* The coefficients are calculated by using Nm as the unit  
of dissipation. 
⴫ ᶖᢔࠛࡀ࡞ࠡߣࠛ࡞ࡏᦛߍ೰ᕈߩ㑐ଥࠍ⴫ߔㄭૃ
ᑼߩଥᢙ
Table 5.3-3 Coefficients of approximation of dissipation energy
                    and bending elasticity of an elbow.
(a) 100A SCH80.
(b) 100A SCH120.
࿑ ࠛ࡞ࡏߩᶖᢔࠛࡀ࡞ࠡ
Fig. 5.3-3  Dissipation energy of an elbow.
࿑⸃ᨆࡕ࠺࡞㧔ᐔ㕙㈩▤♽⹜㛎૕㧕
Fig. 5.3-4 Analysis model (2D piping model).
࿑⸃ᨆࡕ࠺࡞㧔┙૕㈩▤♽⹜㛎૕㧕
Fig. 5.3-5 Analysis model (3D piping model).
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(5.3.2)
max
eq
E
X
m
ω 㧦࿕᦭ⷺᝄേᢙ
㧦ᝄേࠛࡀ࡞ࠡ
㧦ᦨᄢᔕ╵ᄌ૏
㧦᦭ല⾰㊂
2⒳㘃ߩ⹜㛎૕ߩ⌕⋡ߔࠆᝄേࡕ࡯࠼㧔1ᰴᝄേࡕ࡯࠼㧕
ߦ߅ߌࠆ࿕᦭ᝄേᢙ㧘ࡕ࡯࠼⾰㊂෸߮ೝỗଥᢙࠍ⴫
ߦ␜ߔ㧚ߎߩࡕ࡯࠼⾰㊂ߣടᝄᣇะߦኻߔࠆೝỗଥᢙࠃ
ࠅ㧘ߘߩ᦭ല⾰㊂ࠍ᳞߼ࠆߎߣ߇ߢ߈ࠆ㧚એ਄ߩ⸘▚ࠃ
ࠅ㧘ᔕ╵ᄌ૏ߦଐሽߔࠆ㈩▤♽ో૕ߩᝄേࠛࡀ࡞ 㧔ࠡ⌕⋡
ߔࠆᝄേࡕ࡯࠼ߩᝄേࠛࡀ࡞ࠡ㧕ࠍ▚಴ߔࠆߎߣ߇ߢ߈
ࠆ㧚
ᝄേᔕ╵⸃ᨆ
⌕⋡ߔࠆᝄേࡕ࡯࠼ߩᦨᄢᄌ૏ߣฦࠛ࡞ࡏ㕙ౝᦛߍߦ
߅ߌࠆᦛ߇ࠅⷺᐲߩ㑐ଥࠍ᳞߼ࠆߚ߼ߦ㧘⌕⋡ߔࠆᝄേ
ࡕ࡯࠼ߩߺࠍബᝄߔࠆᔕ╵⸃ᨆ㧔ᔕ╵ࠬࡍࠢ࠻࡞⸃ᨆ㧕ࠍ
ታᣉߔࠆ㧚ߥ߅㧘⸃ᨆࡕ࠺࡞ߪ㧘೨㗄ߩᝄേࡕ࡯࠼⸃ᨆߣ
ห৻ߩࡕ࠺࡞ࠍ↪޿ߡ޿ࠆ㧚
⴫෸߮⴫ߦ2⒳㘃ߩ⹜㛎૕ߩᦨᄢᔕ╵ᄌ૏
㊂ߣࠛ࡞ࡏߩᦛ߇ࠅⷺᐲ෸߮ߎࠇࠄߩ୯ߩᲧ₸ࠍ␜ߔ㧚
ࠛ࡞ࡏߦ߅ߌࠆᦛ߇ࠅⷺᐲߪ㧘ࠛ࡞ࡏਔ┵ߦធ⛯ߐࠇߡ
޿ࠆ⋥▤ㇱߩ▵ὐߩ࿁ォⷺᐲ㧔࿁ォᄌ૏㧕ࠃࠅ▚಴ߒߚ㧚
ᦨᄢᔕ╵㊂ߣࠛ࡞ࡏߩᦛ߇ࠅⷺᐲߩᲧ₸ߪ㧘ᦨᄢᔕ╵߇
⊒↢ߔࠆ1ࠨࠗࠢ࡞ߦ߅޿ߡ႟ᕈᄌᒻߦࠃࠅ↢ߓࠆᶖᢔࠛ
ࡀ࡞ࠡࠍ᳞߼ࠆߚ߼ߩ୯ߣߥࠆ㧚
႟ᕈᄌᒻ߇⊒↢ߔࠆߣ㈩▤♽ߩᄌᒻ⁁ᴫ߇ᄌൻߔࠆߚ
߼ߦ㧘✢ᒻ⸃ᨆߦࠃࠆ਄⸥ߩᲧ₸ߪ෩ኒߦߪ⇣ߥࠆ㧚ᧄᒢ
႟ᕈᔕ╵੍᷹ᚻᴺߢߪ㧘႟ᕈᄌᒻߩ⊒↢߇㈩▤♽ߦ߅ߌ
ࠆ৻ㇱߩ⛮ᚻߩዪᚲ⊛㗔ၞߢ↢ߓࠆߣߒ㧘㈩▤♽ో૕ߩ
ᄌᒻ⁁ᴫߪᒢᕈᄌᒻߣ߶ߣࠎߤห৻ߢ޽ࠆߣ޿߁઒ቯߩ
ၮߦ㧘✢ᒻߩᝄേᔕ╵ߣߒߡขࠅᛒߞߡ޿ࠆ㧚ᧄᚻᴺߪ㧘
ᒢ႟ᕈᄌᒻߦࠃࠆ㕖✢ᒻߩᶖᢔࠛࡀ࡞ࠡࠍ╬ଔ✢ᒻᷫ⴮
ߣߒߡ⠨ᘦߒ㧘✢ᒻᔕ╵⸃ᨆߢᒢ႟ᕈᔕ╵ࠍ੍᷹ߔࠆ߽
ߩߢ޽ࠆ㧚
ᝄേᔕ╵⸃ᨆߢߪ㧘਄⸥ࠛ࡞ࡏᦛ߇ࠅⷺᐲߩᲧ₸ߩઁ
ߦ㧘ᷫ⴮Ყߣᔕ╵ᄌ૏ߩ㑐ଥࠍ᳞߼ࠆ㧚ߎࠇߪ㧘࡜ࡦ࠳ࡓ
ᵄ౉ജߢߩᦨᄢᔕ╵㊂ࠍᷫ⴮Ყߩ㑐ᢙߣߒߡ⴫ߔ߽ߩߢ
޽ࠆ㧚✢ᒻߩ࡜ࡦ࠳ࡓᔕ╵ߪ㧘ㆊᷰᔕ╵㧔⥄↱ᝄേ㧕㧘⺞
๺ᝄേ෸߮ᒝ೙ᝄേ㧔ᄖജ㧕ߩᚑಽߩ㊀ߨวࠊߖߣߒߡ⴫
ߔߎߣ߇ߢ߈ࠆߣ⠨߃㧘࡜ࡦ࠳ࡓᵄ౉ജߦࠃࠆᝄേᔕ╵
㧔ᦨᄢᔕ╵㊂㧕ࠍᰴߩᑼߢㄭૃߔࠆ㧚
(5.3.3)
1 2 3 4
max
, , ,  
input
B B B B
X
α
ζ
㧦౉ജᵄߩᦨᄢടㅦᐲ㧔౉ജ࡟ࡌ࡞㧕
㧦ᷫ⴮Ყ㧔⥃⇇ᷫ⴮Ყ㧕
㧦ㄭૃᑼߩଥᢙ
㧦ᦨᄢᔕ╵ᄌ૏
ޓᐔ㕙㈩▤♽⹜㛎෸߮┙૕㈩▤♽⹜㛎ߦ↪޿ߚ౉ജᵄ
㧔⁜Ꮺၞ࡜ࡦ࠳ࡓᵄ㧕ࠍ࿑෸߮࿑ߦ␜ߔ㧚ߎ
ࠇࠄߩ࡜ࡦ࠳ࡓᵄࠍ౉ജߒߚ႐วߩᔕ╵ࠬࡍࠢ࠻࡞⸃ᨆ
⚿ᨐࠍၮߦ਄⸥ㄭૃᑼߢߩଥᢙࠍቯ߼ߚ㧚⹜㛎૕ᦨᄢᔕ
╵ᄌ૏ࠍㄭૃߒߚ⚿ᨐ෸߮ߎߩㄭૃߢ᳞߼ࠄࠇߚଥᢙࠍ
࿑෸߮⴫ߦ␜ߔ㧚ߥ߅㧘਄ᑼߦ߅ߌࠆଥᢙߪ㧘
౉ജᵄߣ㈩▤♽ߩᝄേ․ᕈߦଐሽߔࠆ୯ߢ޽ࠅ㧘㈩▤♽
ߩᝄേᔕ╵ߦ߅ߌࠆㆊᷰᔕ╵㧘⺞๺ᝄേ㧘ᒝ೙ᝄേᚑಽߩ
Ყ₸ࠍ⴫ߔ୯ߣߥࠆ㧚
22
max
1
2 eq
E m Xω= ⋅ ⋅ ⋅
Piping Model Fundamental Natural Frequency (Hz) 
Modal Mass 
M (kg) 
Participation Factor in the 
Excitation Direction 
Effective Mass 
meq (kg) 
2D-A01 3.16 623 0.841 524 
3D-A01 2.58 391 0.772 302 
Elbow No. ǫ(=ǰ/ Xmax)  (rad/m) 
EL 1 0.1848 
EL 2 0.1833 
EL 3 0.1722 
Elbow No. ǫ(=ǰ/ Xmax)  (rad/m) 
EL 1 0.1082 
EL 2 0.0888 
⴫ᝄേ․ᕈ
Table 5.3-4  Vibration characteristic.
⴫ ࠛ࡞ࡏᦛߍⷺᐲߣᦨᄢᔕ╵ᄌ૏ߩᲧ₸㧔2D_A01㧕
Table 5.3-5 Ratio of bending angle and max. response displacement
                   (2D-A01).
⴫ ࠛ࡞ࡏᦛߍⷺᐲߣᦨᄢᔕ╵ᄌ૏ߩᲧ₸㧔3D_A01㧕
Table 5.3-6 Ratio of bending angle and max. response displacement
                   (3D-A01).
( )1max 2 3 4expinput BX B B Bα ζζ
 
= ⋅ + ⋅ − ⋅ +  
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Response analysis
Approximation
Piping
model B1 B2 B3 B4
2D-A01 2.145E-5 2.365E-2 1.592E1 3.802E-3
3D-A01 1.685E-4 2.387E-2 1.471E1 6.643E-3
* The coefficients are calculated by using m as the unit of
maximum response displacement and m/s2 as the unit of
the input level.
࿑ ᐔ㕙㈩▤♽⹜㛎ߦ߅ߌࠆടᝄᵄᒻߣᔕ╵ࠬࡍࠢ࠻࡞
㧔౉ജ࡟ࡌ࡞㧦0.1G㧕
Fig. 5.3-6  Excitation wave and response spectrum for 2D piping
                 model ( Input level  0.1 G ).
࿑ ┙૕㈩▤♽⹜㛎ߦ߅ߌࠆടᝄᵄᒻߣᔕ╵ࠬࡍࠢ࠻࡞
㧔౉ജ࡟ࡌ࡞㧦0.1G㧕
Fig. 5.3-7  Excitation wave and response spectrum for 3D piping
                 model ( Input level  0.1 G ).
(a) 2D piping model.
(b) 3D piping model.
࿑㈩▤♽⹜㛎૕ߩᔕ╵୯ߩㄭૃ㧔౉ജ࡟ࡌ࡞㧦1m/s2㧕
Fig. 5.3-8  Approximation of responses for piping models
                 ( Input level  1 m/s2 ).
⴫ ᒢᕈᔕ╵ㄭૃᑼߩଥᢙ
Table 5.3-7 Coefficients of approximation of elastic response.
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ζ
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(5.3.4)
e  (5.3-1)
 (5.3-2)
i
E
E
∆
∆
㧦㈩▤♽ߩࠛ࡞ࡏ㕙ౝᦛߍߢߩోᶖᢔࠛࡀ࡞ࠡ
㧦ᑼ ߢ⸘▚ߐࠇࠆ႟ᕈᄌᒻ߇↢ߓࠆ
ࠛ࡞ࡏߩᶖᢔࠛࡀ࡞ࠡ
㧦ᑼ ߢ⸘▚ߐࠇࠆᝄേࠛࡀ࡞ࠡ
ޓ਄ᑼߦ㧘ᑼ (5.3.1)෸߮ (5.3.2)ࠍ਄ᑼߦઍ౉ߔࠆߎߣߦ
ࠃߞߡ㧘ਅᑼߩߣ߅ࠅ㈩▤♽ߩᷫ⴮Ყࠍᔕ╵ᄌ૏ߩ㑐ᢙ
ߣߒߡ⴫ߔߎߣ߇ߢ߈ࠆ㧚ߎߎߢߩᷝ߃ሼ iߪ㧘႟ᕈᄌᒻ
߇↢ߓᶖᢔࠛࡀ࡞ࠡ⸘▚ߩኻ⽎ߣߥࠆฦࠛ࡞ࡏߩ⇟ภࠍ
␜ߒߡ޿ࠆ㧚
(5.3.5)
max
1 2
1 2
i
eq
X
A , A
C , C
m
γ
ω
㧦ฦࠛ࡞ࡏߢߩᦛ߇ࠅⷺᐲߣ㈩▤♽ߩ
ᦨᄢᔕ╵ᄌ૏ߩᲧ₸
㧦࿕᦭ⷺᝄേᢙ
㧦㈩▤♽ߩᦨᄢᔕ╵ᄌ૏㊂
㧦ࠛ࡞ࡏᶖᢔࠛࡀ࡞ࠡㄭૃᑼߩଥᢙ
㧦ࠛ࡞ࡏᶖᢔࠛࡀ࡞ࠡㄭૃᑼߩଥᢙ
㧦᦭ല⾰㊂
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߼ࠆߎߣߣߥࠆ㧚ౕ ૕⊛ߦߪ㧘ᷫ⴮ᲧǮࠍࡄ࡜ࡔ࡯࠲ߣߒ
ߚ෼᧤⸘▚ࠍታᣉߒ㧘ㅪ┙ᣇ⒟ᑼࠍḩ⿷ߔࠆXmax෸߮Ǯࠍ
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Ⴧᄢߔࠆ㧚ㅒߦ㧘ᷫ⴮Ყ߇ᄢ߈ߊߥࠆߣᔕ╵㊂ߪዊߐߊߥ
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(a) 2D piping model.
(b) 3D piping model.
࿑ᒢ႟ᕈᔕ╵੍᷹⚿ᨐ
Fig. 5.4-1 Elastic-plastic response prediction.
(a) 2D piping model.
(b) 3D piping model.
࿑╬ଔᷫ⴮Ყ੍᷹⚿ᨐ
Fig. 5.4-2 Equivalent damping ratio by prediction.
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＜添付 2 ＞　実験結果等カラー図版　�
＜要素試験＞　　�（本文P17～P24）�
(a) Initial SCC in SC01. (b) Initial SCC in SC03. (c) Initial SCC in SC07. (d) Initial SCC in SC08. 
図A-1 SCC試験体の初期SCCき裂�
Fig. A-1 Initial shape of SCC in SCC specimens. 
図A-2 初期SCCき裂からの貫通（SC01）�
Fig. A-2 Crack penetration from initial SCC (SC01).
Ratchet  deformation Circumferential  crack
Circumferential  crackBuckling  deformation
図A-3 全周破断の状況 （EM02,　全周EDMき裂付き試験体）�
Fig. A-3 Full circumferential break
(EM02, with full circumferential EDM notch).
図A-4 ラチェットによる減肉部分の変形（EC05,　内圧あり50％減肉試験体）�
Fig. A-4 Deformation at thinned wall part caused by ratchet (EC05, 50% thinned wall with internal pressure).
図A-5 減肉部分での局部座屈変形（EC06,　内圧なし50％減肉試験体）�
Fig. A-5 Buckling deformation at thinned wall part  (EC06, 50% thinned wall without internal pressure).
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Circumferential  crack Longitudinal  crack
Crack
図A-6 周方向及び軸方向き裂とラチェット変形（EC07,　内圧あり75％減肉試験体）�
Fig. A-6 Circumferential and longitudinal cracks and ratchet deformation   (EC07, 75% thinned wall with internal pressure).
図A-7 140mm入力時のEA01の変形�
Fig. A-7 Deformation of EA01 at 140mm input displacement.
図A-8 溶接線脇でのき裂貫通（EA02,　健全試験体）�
Fig. A-8 Crack penetration at welding line (EA02, no defect).
図A-10 エルボ2でのき裂貫通（2D_B01）�
Fig. A-10 Penetration of crack on Elbow2 of 2D_B01.
図A-9 2D_B01におけるアンカ近傍での破損�
Fig. A-9 Unexpected break of pipe near an anchor on the test of
2D_B01.
＜平面配管系試験＞� （本文P25～P30）�
Crack initiation part
Elbow2
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Thinned wall 
straight pipe part
図A-11 2D_B01における減肉部分の膨らみ�
Fig. A-11 Bulge of thinned wall part of 2D_B01.
図A-12 2D_B01の浸透探傷試験結果�
Fig. A-12 Penetration test results of 2D_B01.
図A-14 2D_C01の浸透探傷試験結果�
Fig. A-14 Penetration test results of 2D_C01.
図A-13 エルボ1（減肉エルボ）におけるき裂貫通（2D_C01）�
Fig. A-13 Penetration of crack on Elbow1 (thinned wall elbow) of 
2D_C01.
(a) Crack on side inner surface of Elbow1. 
(a) Crack on side inner surface of Elbow1. 
(b) Small crack on side inner surface of Elbow2. 
(b) Crack on side inner surface of Elbow2. 
(c) No crack on thinned wall straight pipe part.
Penetration part
Elbow1
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＜立体配管系試験＞� （本文P31～P35）�
図A-15 エルボ1における疲労き裂（3D_A01）�
Fig. A-15 Fatigue crack at Elbow1,  3D_A01.
図A-16 3D_C01の破損形態�
Fig. A-16 Failure mode of  3D_C01.
図A-17 3D_C02　エルボ1で確認されたき裂貫通前の配管表面の変化（1850Gal,  1 回目の加振後）�
Fig. A-17 Pipe surface deformation before crack penetration at Elbow1,  3D_C02  (after 1850Gal_#01 excitation test).
図A-18 エルボ1における疲労き裂（3D_C02）�
Fig. A-18 Fatigue crack at Elbow1,  3D_C02.
(a) (b) Fatigue crack at Elbow1. 
(b) S043 side. (a) S047 side.
(b) S043 side. (a) S047 side.
Crack penetration occurred at Elbow1. during 1850Gal_#03
excitation.
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(a) Crack penetration occurred at Elbow2. during 1850Gal_#01
excitation.
(b) Leak of water at Elbow2. 
(a) View from the front. (b) View from the excitation direction.
図A-19 3D_C03の破損形態�
Fig. A-19 Failure mode of  3D_C03.
図A-20 3D_D02においてEDMき裂からのき裂貫通前に配管表面で確認された筋（1850Gal,   1 回目の加振後）�
Fig. A-20 A line on the pipe surface before crack penetration at EDM notch, 3D_D02  (after 1850Gal_#02 excitation test).
図A-21 1850Gal    2 回目の加振中におけるき裂貫通の状況�
Fig. A-21 Crack penetration occurred at EDM notch during 1850Gal_#02 excitation test.
図A-22 3D_D02の破損状況�
Fig. A-22 Failure mode of  3D_D02.
Broken point
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＜詳細解析結果＞� （本文P36～P59）�
図A-23 各試験体のDd-Df線図�
Fig. A-23 Relation between Dd and Df.
図A-24 各モデルの相当塑性ひずみ分布図�
Fig. A-24 Equivalent plastic atrain distribution.
(a) 3D_A01. (b) 3D_C01.
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